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ABSTRACT  
   
The goal of this work is to develop low cost and highly efficient hybrid solar 
cells based on semiconductor nanoparticles (NPs). Hybrid solar cells have been 
demonstrated to take advantages of both inorganic and organic semiconductors by 
employing simple soluble process. In order to improve the power conversion efficiency 
(PCE), the bulk heterojunction (BHJ) of cadmium selenide (CdSe) tetrapods (TPs) and 
poly (3-hexylthiophene) (P3HT) are introduced as an electron acceptor and donor, 
respectively.  
The dimension of CdSe TPs and the 3D spatial distribution of CdSe TPs:P3HT 
photoactive blends are investigated to improve optical and electrical properties of 
photovoltaic devices. Hybrid solar cells having long-armed CdSe TPs and P3HT establish 
higher PCE of 1.12% when compared to device employing short-armed TPs of 0.80%. 
The device performance are improved by using longer armed CdSe TPs, which aids in 
better percolation connectivity and reduced charge hopping events, thus leading to better 
charge transport.  
The device architecture of hybrid solar cells is examined to assist vertical phase 
separation (VPS). Improvement of VPS in hybrid solar cells using CdSe TPs:P3HT 
photoactive blends is systematically manipulated by solution processed interfacial layers, 
resulting in enhanced device performance. Multi-layered hybrid solar cells assist better 
light absorption, efficient charge carrier transport, and increase of the surface contact area. 
In this work, hole transport assisting layer (HTAL)/BHJ photoactive layer (BPL)/electron 
transport assisting layer (ETAL) or HTAL/BPL/ETAL (HBE) multi-layered structure is 
introduced, similarly to p-type layer/intermixed photoactive layer/n-type layer (p-i-n) 
structure of organic photovoltaic devices.  
 
  ii 
To further control the improvement of the device performance, the effects of 
nano-scale morphology from solvents having different boiling points, the various shapes 
of semiconductor NPs, and the emergence of blending NPs are demonstrated. The 
formation of favorable 3D networks in photoactive layer is attributed to enhance the 
efficient charge transport by the optimized combination of semiconductor NPs in 
polymer matrix.  
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Chapter 1 
INTRODUCTION 
 
1.1 Overview 
Global energy consumption has rapidly increased as shown in Fig. 1.1.[1] The 
dominant electric power source is still fossil fuel such as coal, petroleum, and natural gas. 
As the resources of global energy are diminishing, the attention for the potential use of 
renewable energy and its infrastructure has escalated as a long-term solution for the 
shortage of energy supplies. Solar energy is the most prominent resource to alternate 
vanishing fossil fuels due to an exceeding energy origin from the sun, compared to hydro, 
wind, tide, and geothermal energy sources.  
 
 
Figure 1.1 Projections of the world energy consumption from historical and extrapolated 
data.[1] 
 
Solar energy is conversion of sunlight to electricity without environmental 
pollution. The sun is a blackbody radiating at 5,760K.[2] Blackbody absorbs all incident 
light and emits the entire absorbed light in thermal equilibrium. Although the power 
  2 
density of blackbody sun is dependent on temperature, earth’s atmosphere and terrestrial 
environment influence on solar spectrum, which is the sunlight that is incident on earth. 
To evaluate the performance of solar cells, simulated radiation is introduced and 
considered as standard condition. Air mass (AM) is defined as the equation (1.1), where θ 
is the zenith angle or the angle of sunlight path from an overhead sun.[2] Conventional 
standard conditions are AM 1.5 global (AM 1.5G) and AM 1.5 direct (AM 1.5D) for 
terrestrial uses.[3] 
 
!" =    1!"#$ 
 
Solar energy is divided into two different types as thermal and photovoltaic (PV) 
energy. First, solar thermal energy systems absorb the sunlight as a heat source and 
utilize the heat into electricity. Second, PV cells harvest the solar energy as a direct 
conversion procedure generating electrical charge carriers. The solar cells in this work 
are PV cells. Production cost for the manufacturing of solar cells has gradually reduced 
with expanding market size. Silicon (Si)-based solar cells have been leading the PV 
technology. However, thin film solar cells and other new technologies are expected to 
increase their market share as depicted in Fig. 1.2. 
A. E. Becquerel discovered photovoltaic effect in 1839 and demonstrated in 
selenium (Se) in 1876. [2-4] After a century later, Bell labs developed the first Si p-n 
junction solar cell in 1954.[5] In 1980s, inorganic thin film solar cells were then reported 
using cadmium telluride (CdTe), copper indium selenide (CuInSe2; CIS), and titanium 
dioxide (TiO2), etc.[6-8] First organic solar cell was published by C. W. Tang in 1986.[9] 
Then, first dye-sensitized solar cell (DSSC) was reported by M. Grätzel in 1991.[10] The 
(1.1) 
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efficiency of solar cell from Spectrolab reached more than 40% by adjusting multi-
junction structure in 2007 for space application.[11]  
 
 
Figure 1.2 Diagram of PV module price versus cumulative production.[12] 
 
1.2 Photo-generation Process 
The characteristics of semiconductor and the process for photo-generation are 
explained in this section. Electrons in solids build energy bands consisting of valence 
band (VB), and conduction band (CB).[13-15] Typically, the band gap energy (Eg) is 
defined as the difference between the lowest energy level of conduction band and the 
highest energy level of valence band in inorganic semiconductors, and to a good 
approximation, in organic materials, those two levels correspond to the lowest 
unoccupied molecular orbital (LUMO) and the highest occupied molecular orbital 
(HOMO), respectively. Solids are categorized as semi-metals, metals, semiconductors, 
and insulators by the states of energy levels filled with electrons in the band structures as 
shown in Fig. 1.3, where the Fermi energy level (EF) is located.  
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Figure 1.3 Energy band diagrams of (a) semi-metal, (b) metal, (c) semiconductor, and (d) 
insulator.[13] 
 
In semiconductors, electrons are excited from VB to CB by absorbing the energy 
greater than, or equal to, the band gap. When electrons are excited across the band gap, 
holes are created in VB. As a result of the absorption of sunlight into the photoactive 
layer, electron-hole pairs or excitons are generated by excitation, resulting in 
photocurrents. This process is called as photovoltaic or photo-generation process as 
described in Fig. 1.4.[15] Photo-generation process consists of several steps to generate 
electricity from absorbed photons. At equilibrium of a p-n junction, the Fermi levels are 
equalized. Hence, electrons diffuse from p-type to n-type and holes diffuse in the 
opposite direction. Depletion zone is generated at the p-n junction, resulting in a built-in 
potential. This built-in potential induces an electron drift. Transported charge carriers are 
collected at top and bottom contacts, respectively. 
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Figure 1.4 Illustration of photo-generation process in p-n junction solar cells.[15] 
 
Photo-generation process is firstly affected by the optical properties of solar cells. 
Optical losses in designed solar cells are mainly due to reflection at the front surface or 
from the rear side of solar cells. To enhance the optical efficiency, additional optical 
structures are introduced such as a concentrator, anti-reflection coating (ARC), surface 
plasmonics, and textured surfaces.[16-21] The utilization of distributed Bragg reflection 
(DBR) or light trapping patterns also amplify the absorbed photons, resulting in the 
increment of short circuit current.[22,23] 
Incident light undergoes several processes such as reflection from the surface, 
absorption in the photoactive layer, or transmission through the matter. Reflected or 
transmitted photons do not generate electrical power and are considered as losses. 
Absorbed light intensity in the photoactive layer contributes to photo-generation. Light 
absorption of materials is determined by Lambert-Beer law given by the equation (1.2), 
where Io is the light intensity of incident beam, α is the absorption coefficient of the 
material, c is the concentration gradient, and t is the thickness of matter.[13] 
  6 
 ! =    !!!!!"# 
 
Absorbed photons in photoactive layer may result in the exciton generation.[24] 
When a photon with energy greater than the band gap energy (Eph ≥ Eg) is absorbed in a 
photoactive layer, an electron is excited to the conduction band or LUMO level and hole 
is generated in the valence band or HOMO level. The photon energy absorbed in the 
material is defined by equation (1.3), where h is Planck constant, c is speed of light in 
vacuum, λ is the wavelength of the light in nm.  
 
!!!(!") = ℎ!! = 1240  (!")!  (!")   ≈   !! 
 
Exciton energy states of semiconductor materials are divided into singlets (S) and 
triplets (T), as shown in Fig. 1.5 (a).[25] Singlet state has two elecrons having anti-
parallel spin with net zero spin as in Fig. 1.5 (b). In contrast, a triplet state comprises of 
two electrons having parallel spin with net 1 spin, as depicted in Fig. 1.5 (c).  
 
 
 
Figure 1.5 Schematic diagrams of (a) the ground state, (b) excited singlet state, and (c) 
excited triplet state.  
 
(1.2) 
(1.3) 
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Opposite process of photo-generation is the emission or radiation of photons. 
Photoluminescence (PL) is generated during the energy transition process, and represents 
recombination of bound excitons. The PL process is divided into the phosphoresence 
from triplet states (long lifetime) and the fluorescence from singlet states (short lifetime), 
as depicted in Fig. 1.6. The emission of photons is considered as energy losses in photo-
generation process. 
 
 
Figure 1.6 Schematic diagram of optical spectra and Jablonski energy diagram showing 
transitions between electronic states for fluorescence and phosphorescence processes.[14]  
 
Since the electron and hole (e-h) pair in an exciton are still bound to each other 
by Coulombic interaction, it is necessary to overcome the binding energy to separate the 
charge carriers.[24] Excitons can be Frenkel or Wannier-Mott types as illustrated in Fig. 
1.7.[25] Frenkel excitons are tightly bound to each other and typically occur in organic 
semiconductors due to the low dielectric constant. Binding energy values as high as 1 eV 
and localized radius range of 1 nm can be obtained in organic materials. On the other 
hand, Wannier-Mott excitons are weakly bound and normally seen in inorganic 
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semiconductors having high dielectric constant. Binding energy of approximately 100 
meV and delocalized exciton radius range of 10 nm can be obtained, as depicted in Fig. 
1.7.  
 
 
Figure 1.7 (a) Frenkel and (b) Wannier-Mott exciton.[25] 
 
Excitons diffuse due to concentration gradient. In organic materials, exciton 
dissociation normally occurs at donor/acceptor interface. In the case of organic 
semiconductors, exciton diffusion into the interfaces is limited by short exciton diffusion 
length. Exciton diffusion length (LD) in organic semiconductors is given by the diffusivity 
(D), and carrier lifetime (τ) of organic semiconductors as shown in equation (1.4).  
 !! =    Dτ   
 
(1.4) 
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Excitons are transferred similar to energy transfer process. Energy transfer 
process is typically divided into radiative, and non-radiative energy transfers. Two 
possible mechanisms of non-radiative energy transfers are Förster energy transfer and 
Dexter energy transfer.[25] Förster energy transfer originates from Coulombic interaction 
or dipole-dipole coupling, generating only single excitons with the short lifetime. 
Transition between donor and acceptor occurs in Förster energy transfer within 10 ns. 
Interaction between donor/acceptor transition (RDA) for Förster energy transfer is at a 
long-range distance of 3 ~ 10 nm in Fig. 1.8 (a). On the other hand, Dexter energy 
transfer results from tunneling or exchange process and creates both singlet-singlet 
transfer and triplet-triplet excitons with long lifetime. Electrons are exchanged in the 
short-range of RDA ~ 1.0 nm as illustrated in Fig. 1.8 (b).  
 
 
Figure 1.8 Illustrations of (a) Förster and (b) Dexter energy transfer process.[25] 
 
 
 
  10 
At donor/acceptor interfaces, charges are dissociated from the excitons and then 
separated through each material until charge carriers reach to the respective electrodes. 
Therefore, bound electron and hole pairs should overcome the charge recombination for 
efficient charge transport. Recombination is the process that electrons in the conduction 
band or LUMO fall back to the valence band or HOMO, and combine with holes, 
respectively. Three characteristic recombination processes are categorized as radiative, 
Auger and Shockley-Read-Hall (SRH) recombination. The photo-generated charge 
carriers following exciton dissociation are transported by a built-in electric field, which is 
called drift process. The concentration gradient is also able to transport the charge 
carriers by diffusion process.  
After charge carriers are dissociated and transferred to each contact, free 
electrons and holes can be collected at respective electrodes in order to generate 
electricity. Energy level alignment between electrodes and photoactive materials plays an 
important role for efficient charge collection. For example, well-aligned energy levels of 
LUMO in acceptor to the work function level of cathode and those of HOMO in donor to 
the work function level of anode increase the charge collection efficiency, respectively.  
Overall external quantum efficiency (EQE), that is, the incident photon to 
conversion efficiency (IPCE) is determined by the ratio of number of the collected 
electrons per number of incident photons or the relation between the photocurrent density 
and the incident light spectrum as expressed in the equation (1.5).  
 
!"! =   !"#$%&  !"  !"##$%&$'  !"#$%&'()!"#$%&  !"  !"#$%&"'  !ℎ!"!#$  
 
(1.5) 
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Note that the EQE or IPCE is also approximated by equation (1.6), where Jsc is 
the short circuit current density (A/cm2), λ is the excitation wavelength (nm), and Pi is 
the incident photon power density (W/cm2) under 100 mW/cm2 illumination.[2] 
 
!"! = 1240×!"#!×!"  
 
From the photo-generation process, the external quantum efficiency consists of 
the light absorption, exciton generation, exciton dissociation, charge transfer, and charge 
collection steps. Therefore, EQE can be defined as the multiplication of each process as 
in equation (1.7), where ηO is optical efficiency, ηA is light absorption efficiency, ηED is 
exciton diffusion or dissociation efficiency, ηCT is charge transfer or transport efficiency, 
and ηCC is charge collection efficiency. Internal quantum efficiency (IQE), is given by 
excluding the optical efficiency from EQE, is the ratio of number of collected electrons 
per number of photons absorbed at the short circuit condition.[27] The IQE is also 
expressed as the ratio in terms of EQE(λ) and the reflectivity R(λ) as shown in equation 
(1.8). 
 !!" =   !!×!!×!!"×!!"×!!! =   !!×!"# 
 
!"# ! =    !"!  (!)1 − !(!) 
 
Light absorption efficiency is interpreted as number of photons absorbed in the 
solar cells per number of incident photons. As thickness of light absorbing layer 
increases, absorption efficiency normally increases. This efficiency is dependent on the 
(1.7) 
(1.6) 
(1.8) 
  12 
optical band gap of semiconducting materials. Solar cells show the most favorable band 
gap energy between 1.1 and 1.7 eV, leading higher efficiency as shown in Fig. 1.9.  
 
 
Figure 1.9 Diagram of semiconductor band gap energy versus lattice constant.[15] 
 
Exciton diffusion or dissociation efficiency is defined as the ratio of number of 
excitons reaching respective interface per number of excitons generated after light 
absorption. The exciton diffusion length of organic solar cells limits this efficiency. 
Hence, the bulk heterojunction (BHJ) structure of OPV can overcome the limit of short 
exciton diffusion by forming blended and connected networks, and are regarded as 
having ηED ~ 100%. Furthermore, electrode configurations, phase separation of blended 
layers, and thickness control of the photoactive layer can improve the exciton diffusion 
efficiency in BHJ type solar cells. 
Charge transfer or transport efficiency is defined by number of bound excitons 
transferring to charge carriers into the respective electrodes per number of charge carriers 
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created at interfaces. Charge transfer efficiency is improved by the energy level 
alignment between semiconductor materials and electrodes, which is achieved by 
lowering energy barriers and reducing recombination.  
Charge collection efficiency is defined as number of charge carriers collected 
through the respective electrodes per charge carriers transported from the bound excitons. 
The high carrier mobility, internal field gradient, and low contact resistance at 
photoactive layer/electrode interfaces can enhance charge collection. Furthermore, 
exciton blocking layer (EBL) and surface roughness of active materials may influence on 
the charge collection efficiency. Overall photo-generation process for organic and hybrid 
solar cells is described in Fig. 1.10.[26] 
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Figure 1.10 Illustrations of photo-generation process in organic/hybrid solar cells.[26] 
 
1.3 Device Parameters of Solar Cells 
Device physics of solar cells can be explained using a simple equivalent electric 
circuit as depicted in Fig. 1.11 (a).[2] To evaluate the device performance of solar cells, 
current density-voltage (J-V) characteristics are measured with simulated illumination 
condition.[3] The J-V curve is illustrated with resulting device parameters under 
simulated illumination as shown in Fig. 1.11 (b).  
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Figure 1.11 Diagrams of (a) an equivalent circuit of photovoltaic device and 
corresponding (b) a typical current density-voltage (J-V) characteristics of solar cells 
under illumination. 
 
The power conversion efficiency (PCE) of solar cells gives the standard value to 
evaluate the device performances and is defined as the ratio of the generated output 
power normalized by incident light intensity.[2,3] The PCE is defined as shown in the 
equation (1.9), where Vmax is the maximum voltage, Jmax is the maximum current, at 
maximum output power Pmax, and Pi is the incident power or incident light intensity. 
[27-28] 
 
!"# =   !!"#!! =     !!"#×!!"#!! = !! !!"×!!"!!    
 
(1.9) 
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The standard illumination intensity is 100 mW/cm2 as one sun condition with the 
spectrum of AM 1.5G at constant temperature 25 oC. The fill factor (FF) is defined as the 
following equation (1.10), Jsc is the short circuit current at V = 0 V condition, and Voc is 
the open circuit voltage at J = 0 mA/cm2. 
 
!! =   !!"#×!!"#!!"×!!"  
 
The short circuit current density (Jsc) is measured from J-V curves in Fig. 1.11 
(b), and calculated by integrating the EQE(λ) of solar cells as expressed in equation 
(1.11), where q is the elementary electron charge (1.609 × 10-19 C), λ is the wavelength of 
the incident light, h is Planck’s constant (6.626 × 10-34 m2kg/s), c is the speed of light (3.0 
× 108 m/s), and S(λ) is the spectral irradiance of the incident photon flux or the incident 
light power density.[27,28] 
 
!!" =    !"ℎ! !"! ! ! ! !"!!  
 
The short circuit current is obtained by the photo-generation and the collection of 
charge carriers. The generalized Shockley equation (1.12) verifies the proper estimation 
of the current density by solving the equivalent electric circuit, where Rs is series 
resistance, Rsh is shunt resistance, Jo is a reverse saturation current or dark current 
density, k is Boltzmann’s constant (1.38 × 10-23 J/K), T is absolute temperature, A is the 
correction factor, n is ideality factor, and Jph is a photocurrent.[28-30] The current 
density is approximated from the ideal diode equation under illumination as shown in 
equation (1.13), when Rsh exceeds Rs.  
(1.11) 
(1.10) 
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! =    11 + !!!!! !! !"# ! − !!!!!"#! − 1 + !!!!! − !!! 
 
! =    !! !"# !"!"# − 1 − !!! 
 
Finally, the short circuit current density is approximated as the generated 
photocurrent in equation (1.14), when the circuit is short-circuited.  
 !!" ≈ !!!  (! = 0) 
 
The open circuit voltage is the applied voltage at net zero current in the 
photovoltaic equivalent circuit under illumination. By solving the generalized equation of 
ideal diode (1.13), Voc is determined as the equation (1.15), when the equivalent circuit is 
isolated. [31] 
 
!!" =   !"#! !" 1 + !!!!!   (! = 0) 
 
Under open circuit conditions, the photo-generated carriers are transported to the 
respective electrodes by diffusion and drift. Dark current is related to the electrons 
injected from cathode, showing diode behavior without illumination. Since the diffusion 
and the drift current move in opposite direction, net photocurrent from drift, diffusion, 
and dark current becomes zero at open circuit condition.[2,3] The difference in work 
(1.13) 
(1.12) 
(1.14) 
(1.15) 
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functions between anode and cathode generates the built-in potential (Vbi), therefore, the 
drift photocurrent is zero at V = Vbi. Work function is also related to Vbi and the energy 
level difference between LUMO of the acceptor and HOMO of the donor, limiting the 
maximum Voc as determined empirically in equation (1.16).[32] 
 !!" = !!"#"!"#"$ − !!"#$!""#$%&' − 0.3  (!")   
 
The fill factor (FF) is given as the equation (1.10) and represents the ideality of a 
diode or the squareness of the J-V curves.[2] The FF is also related to the efficiency of 
charge collection to the respective electrodes and the characteristics of interfaces.[33] 
The possible maximum FF is acquired by the approximation of the normalized Voc, when 
the shunt and series resistance are negligible. Empirical FF is approximated by the 
equation (1.17), where α is the constant and voc is defined as normalized Voc.[34] 
 
!! = !!" − ln  (!!" + !)!!" + 1  
 
Ideal diode characteristics of solar cells can be explained by the ideality factor 
(n) and series/shunt resistances. A series resistance (Rs) is obtained by the bulk 
characteristics of materials and the contact resistances at photoactive layer/electrode 
interfaces. A shunt resistance (Rsh) or parallel resistance (Rp) refers to leakage current of 
solar cells, in part, recombination at junctions. The values of Rs and Rsh are estimated 
from the slopes at J-V curve. At a high voltage regime, PV characteristics are more 
dependent on the series resistance as illustrated in Fig. 1. 12.  
 
(1.17) 
(1.16) 
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Figure 1.12 Schematic diagram of J-V characteristics representing shunt and series 
resistances.[35] 
 
At a low voltage regime, the shunt resistance is determined by the inverse of the 
slope as shown in Fig. 1. 12.[35,36] High Rs indicates the inefficient charge carrier flows, 
leading to a reduction of Jsc. Conducting leakage pathways and defects in PV devices 
reduce the Rsh by constructing additional shunt resistances in the equivalent circuit, 
resulting in a decrease of Voc. In an ideal solar cell, the shunt resistance becomes infinite, 
and the series resistance becomes zero, as indicated in Fig. 1. 12.  
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Chapter 2 
HYBRID SOLAR CELLS 
 
2.1 Highly Efficient Solar Cells 
Solar cells are categorized as the first-, second-, and third-generation solar cells 
by the materials and fabrication methods. Figure 2.1 depicts the different generations of 
solar cells classified in terms of cost and efficiency. First-generation, that is, crystalline 
Si-based solar cells have dominated the photovoltaic market with the reliable ability for 
mass production, acceptable efficiency ranges, and well-known device physics.  
 
 
Figure 2.1 Projection of efficiency versus cost for first-, second-, and third-generation 
solar cells.[37] 
 
Second-generation solar cells are based on thin film technologies with low cost 
production having moderate efficiency. The main advantage of thin film solar cells is thin 
absorber thickness less than 50µm to reduce the production cost by means of using 
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alternative materials from Si. Inorganic thin film solar cells using polycrystalline, multi-
crystalline Si, or compound semiconductors are included in this group. Compound 
semiconductor based solar cells have developed ultra-high efficiency application such as 
spaceships, satellites, etc. Various semiconductors such as III-V group including gallium 
arsenide (GaAs), II-VI group comprising cadmium telluride (CdTe), or combinations of 
these groups are fabricated by using thin film technologies and developed as second- and 
further third-generation solar cells. 
The keys for the success of thin film solar cells are cost reduction, high 
throughput, and process simplification.[38] Developing device architectures, new 
materials, and optically supportive structures have improved the power conversion 
efficiency of thin film solar cells. Third-generation solar cells are typically represented as 
two classes such as (III-a) group employing the low cost, highly efficient device mostly 
fabricated from printable techniques and (III-b) group having moderate cost, much higher 
efficient device using compound semiconductor device, multi-junction, and nano-
structures as indicated in Fig. 2.1, respectively.[15] 
 
2.1.1 Third-generation Solar Cells 
Third-generation solar cells are predicted to enable very high efficiency with low 
cost process. Thin film inorganic solar cells have been developed to overcome theoretical 
limits of Si solar cells using different band gap semiconductors, or developing multi-
junction structures. Hot carrier extraction, intermediate band (IB), quantum dots (QDs) or 
quantum wells (QWs), and multiple exciton generation (MEG) have been suggested for 
highly efficient solar cells. However, these technologies still require high vacuum 
processes such as chemical vapor deposition (CVD), molecular beam epitaxy (MBE), 
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metal-organic CVD (MOCVD), etc. Therefore, low cost third-generation solar cells are 
potential candidates to spread photovoltaic business as shown in Fig. 2.2. 
Dye-sensitized solar cells (DSSCs), organic photovoltaic cells (OPVs), hybrid 
solar cells, and nanostructured PVs have developed for low cost third-generation solar 
cells as (III-b) group. Printing technology has pursued in order to develop the low cost 
fabrication, simple device structures, and easy scale-up for mass-production. Moreover, 
printable or solution processable solar cells provide the great compatibility with flexible 
or plastic substrates to reduce the manufacturing cost and to expand the unique 
applications.[39-41] 
 
 
Figure 2.2 Classification of solar cells  
 
2.1.2 Inorganic Thin Film Solar Cells 
The solar cells have shown significant improvement in their power conversion 
efficiency, since the first Si p-n junction was reported.[5] Crystalline Si solar cells require 
high purity substrates with high temperature process, which results in the high production 
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cost. Optimizing the alternative Si structures such as mono-crystalline, multi-crystalline, 
and poly-crystalline Si has decreased fabrication cost. Theoretically, thermodynamic 
efficiency of single junction Si solar cell was reported up to 31% using a detailed balance 
method.[30] To overcome this theoretical limit, complex structures and new materials 
have suggested, and the highest efficiencies have reached more than 40% using multi-
junction structure.[12] These complex and high cost solar cells are developed for specific 
applications as explained above. Figures 2.3 (a) and (b) describe the difference in 
spectrum of Si single junction solar cell and triple junction solar cell consisted of gallium 
indium phosphide (GaInP)/gallium indium arsenide (GaInAs)/germanium (Ge) 
semiconductors. The controls of lattice mismatches and the configurations of multiple 
band gaps are important to develop the high efficiency of multi-junction solar cells. 
For the further reduction of cost and improvement of efficiency, new generation 
solar cells have developed as thin film solar cells. Note that the photoactive or absorber 
thickness of solar cells can be decreased from more than 100 µm of crystalline Si-based 
solar cells to less than 50 µm of thin film-based solar cells using CdTe, CuInSe2 (CIS), 
copper indium gallium sulfide/selenide (Cu(In,Ga)(S,Se)2; CIGS), or copper zinc 
tellurium selenide (Cu(Zn,Te)Se2; CZTS) based solar cells.[6,7] Chalcogenide is the 
compound semiconductor consisting of chalcogen-based materials such as Se or S. First 
Solar, Inc. has commercialized the solar cells based on CdTe, and achieved low cost 
manufacturing due to the stability, optimum band gap, and high absorption coefficient of 
CdTe film.[7,8] Thin film solar cells are required buffer layer and transparent conducting 
oxide (TCO) electrodes to achieve better band matching. However, thin film solar sells 
still require high temperature vacuum process to reach the enough efficiency. Thus, 
organic and hybrid solar cells can be successful for the low cost perspective. 
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Figure 2.3 Theoretical spectra of (a) Si solar cells and (b) triple junction solar cells 
consisting of GaInP/GaInAs/Ge compared with AM 1.5 spectrum.[15]  
 
2.1.3 Organic Solar Cells 
Inorganic multi-junction solar cells are fabricated to provide high efficiency. 
However, the low cost fabrication is required for commercial applications such as solar 
power plants, smart grids, building integrated PV (BIPV) devices, electrical vehicles, or 
household applications. Thus, it has been suggested to develop dye-synthesized solar 
cells (DSSCs), organic photovoltaics (OPVs), and hybrid solar cells using low cost and 
low temperature (< 200 oC) techniques such as solution process or printing technologies. 
These types of solar cells can also be fabricated for semi-transparent applications such as 
BIPV covering large areas of buildings.  
  25 
Organic solar cells are categorized by molecular weight of photoactive materials. 
Small molecular organic semiconductors are deposited using either thermal evaporation 
or solution process. Polymers, which have longer chain lengths, are suitable for solution 
process, printing techniques, and further roll-to-roll manufacturing process. As a 
consequence, the cost and throughput of high volume production is much more efficient 
for printable solar cells. These materials are also compatible with flexible or plastic 
substrates, which results in the reduction of manufacturing cost and the rigidity from 
harsh environments.  
Main challenges for organic solar cells are the improvement of power conversion 
efficiency, the long-term stability, the development of adaptable process, and the 
selection of proper materials.[32] Developing new materials having suitable band gaps 
and designing the efficient structures such as tandem cells or the introduction of optical 
spacer have improved the efficiency.[42] In general, organic solar cells consist of donor 
with low electron affinity and acceptor with high electron affinity. The most prominent 
polymers are poly(3-hexylthiophene) (P3HT) as a donor and (6,6)-phenyl-C61-butric-acid 
(PCBM) as an acceptor as shown in Figs 2.4 (a) and (b).[26]  
 
 
Figure 2.4 Molecular structures of (a) P3HT and (b) PCBM.[26] 
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Excitons are generated near donor/acceptor interfaces of OPVs. In a bulk 
heterojunction (BHJ) cell, the photoactive layer consisting of a blend of both donor and 
acceptor results in large phase separation, and reduces the recombination probability due 
to high exciton dissociation energy and short exciton diffusion lengths of organic 
semiconductors. Accordingly, the formation of nano-scale morphology in the blended 
photoactive layer and the miscibility control of solution mixtures play important roles in 
improving the PCE. Tandem structure is also known to increase Voc and absorption 
spectrum over spectral ranges by exploiting different band gap energy of organic 
materials.[43] 
 
2.1.4 Hybrid Solar Cells 
Combining inorganic and organic solar cells have been attractive in order to take 
the advantages of both types of material systems.[44] Although organic semiconductors 
have developed to overcome the inherently short exciton diffusion length that limits the 
light absorption, the atmosphere such as moisture, oxygen, or solvents can degrade the 
lifetime of organic solar cells. The inorganic thin films require deposition in high vacuum 
and high temperature techniques, and are difficult to be fabricated by solution process.  
Combining the two materials results in hybrid solar cells based on semiconductor 
nanoparticles (NPs) or quantum dots (QDs) in an organic semiconductor matrix, and have 
been expected to progress steadily for low cost and highly efficient devices.  
Since BHJ cells are fabricated by blending donor and acceptor in solution process 
or co-deposition of small molecules, it is important to control the nano-scale morphology 
to create the percolation networks. The ordered nanostructure provides large 
donor/acceptor interfaces with better electrical connections to both respective electrodes. 
The vertical phase separation of hybrid solar cells takes advantages in both better electron 
  27 
dissociation and charge collection efficiencies. Thus, device physics of hybrid solar cells 
are normally explained as that of organic solar cells due to nano-structural similarity in 
photoactive layer. Device structures of hybrid solar cells are illustrated in Fig. 2.5. To 
improve the charge transport and to reduce the limitation of short exciton diffusion length 
of organic semiconductors, BHJ structured and nano-structured solar cells are strongly 
recommended.[45,46] In addition, percolation networks of polymer and nanoparticles in 
hybrid solar cells can improve the charge transport as a morphological advantage due to 
the intrinsic formation of percolation pathways. 
 
 
Figure 2.5 Schematic illustrations of hybrid solar cells consisting of  (a) bi-layer, (b) bulk 
heterojunction, (c) nano-structured, and (d) nanoparticle-based. 
 
2.2 Hybrid Solar Cells Based on Semiconductor Nanoparticles 
Hybrid solar cells using semiconductor NPs have been investigated to take 
advantages of both inorganic semiconductor thin film and BHJ OPVs.[46-49] Colloidal 
NPs or nanocrystals (NCs) have benefits due to the high mobility using inorganic 
semiconductor, and processability of dispersion in a polymer solution. [47-53] 
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Combining NPs with semiconducting polymers can expand the device spectral response, 
because tuning the band gaps of semiconductor NPs can increase the absorption spectra. 
Nano-scale nature of semiconductor NPs, which leads to more light absorption and 
photocurrent generation, is dependent on the size and the shape of NPs, and can be 
explained by the quantum confinement.  
 
2.2.1 Quantum Confinement 
A matter presents wave-particle duality having both characteristics as a particle 
and a packet of waves. Schrödinger equation explains the physical phenomena in various 
fields of physics. A particle in a box approximation gives the most representative model 
from quantitative description of Schrödinger wavefunction in equation (2.1). Time-
independent Schrödinger equation is expressed in equations (2.2), and equation (2.3) 
shows the three-dimensional (3D) Schrödinger equation.[13,14]  
 
!ℏ !!"!! !, ! = − ℏ!2!! ∇!!! !, ! + !(!, !)!!(!, !) 
 
− ℏ!2!! ∇! + ! ! ! ! =     !" !  
 
3!:  ∇!= !!!"! + !!!"! + !!!"! , ! ! = !!!∙! 
 
where i is the imaginary unit, ħ is the reduced Planck constant, ψo is the initial 
wave function of the quantum system, mo is the unit mass of a particle in a box, ψ is the 
wave function of the quantum system, U is the potential energy in the potential barrier, ∇ 
(2.1) 
(2.2) 
(2.3) 
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is the gradient operator, ! is the position vector , t is the time, E is the energy operator, 
and k is the wave number.  
When a potential barrier with an infinite height, a particle is reflected from the 
barrier as a standing wave form. A particle with a finite barrier height having thin 
thickness is transmitted through the barrier, which is called as tunneling process. When a 
particle is confined in the finite potential well, the particle has quantum mechanical 
behaviors showing discrete energy levels. Figure 2.6 shows the dependence of 
dimensional shapes and the diagrams of the energy versus density of states (DOS), 
describing the quantum confinement effect for low-dimensional cases. 
 
 
Figure 2.6 Exmaples of semiconductor dimensional shapes and density of states (DOS) 
for (a) 3D bulk crystal, (b) 2D quantum well, (c) 1D quantum wire, and (d) 0D quantum 
dot (QD).[13] 
 
Quantum confinement or energy band tunability is attributed to the energy level 
shift from the bulk band gap energy (Eg). The change of electronic states is obtained as 
optical absorption shift and size dependent behaviors onto optoelectronic devices. The 
band gap of semiconductor NPs is inversely proportional to NP size and the energy states 
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become discrete for smaller NPs as illustrated in Fig. 2.7. Diameter changes of NPs can 
tune the band gap energy and manage the absorption spectra. [54,55] 
 
 
Figure 2.7 Energy level diagrams of nanoparticles having different sizes comparing to 
bulk materials.[54] 
 
Discrete atom-like states or molecular orbital states can overlap the energy states 
with the closer distance between semiconductor NPs. In a bulk semiconductor, 
overlapped energy states are approximated as continuous bands and band gap becomes 
smaller and close to the theoretical value. As the size of semiconductor NPs becomes 
smaller, discrete energy levels and gaps become larger as depicted in Fig. 2.7. This is 
because the size of semiconductor NPs is as smaller as the wavelength of electron wave 
function. For smaller NPs, electrons and holes are strongly confined in all three 
dimensions. This uniqueness of semiconductor NPs is caused by their small size, 
resulting in the dependence on the electronic band structure, optical absorption spectra, 
emission, photoluminescence, magnetic property, or bio-sensitivity.[56] Hence, hybrid 
solar cells based on semiconductor NPs have received attention to lead to effective 
enhancement by tuning various optical and electrical energy states. 
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Multiple exciton generation (MEG) is another unique characteristic of 
semiconductor NPs. Discrete energy levels of semiconductor NPs yield carrier 
multiplication or electron-hole (e-h) pairs from a single photon absorbed with more 
excess energy than band gap as shown in Fig. 2.8.[57] To generate multiple e-h pairs, the 
minimization of thermal heat loss is required. The first MEG is reported from colloidal 
lead selenide (PbSe) QDs exceeding 100% quantum yield.[58]  
 
 
Figure 2.8 Schematic illustration of multiple exciton generation in quantum dots.[57] 
 
2.2.2 Classification of Nanoparticles 
Quantum dots (QDs) are able to adjust the band gap by way of changing their 
diameters. This results in strong quantum confinement with discrete energy levels. 
Different shapes and lateral dimensions of semiconductor NPs that are synthesized by 
cadmium selenide (CdSe) or CdTe also play an important role on charge carrier transport. 
Elongated nanorods (NRs), tetrapods (TPs), and hyper-branched NPs are shown in Fig. 
2.9. The inter-particle distance between semiconductor NPs affects the charge transport 
through NPs themselves. Coulomb interaction is limited when the inter-particle distance 
is insufficient to obtain it. On the other hand, the quantum tunneling occurs when the 
distance of inter-particle spacing is narrow. For intermediate distances between NPs, 
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charge carriers are transported by hopping process.[59] The NPs having complex shapes 
enhance the charge transport by reducing inefficient hopping transport. 
 
 
 
Figure 2.9 Various shapes of nanoparticles: (a) CdSe quantum dots (QDs), (b) CdSe 
nanorods (NRs), (c) CdTe tetrapods (TPs), and (d) hyper-branched CdSe nanocrystals 
(NCs).[41,49,51] 
 
During the synthesis of semiconductor NPs, organic ligands cover the surfaces of 
colloidal NPs employing several functions. The surface ligands control the growth or 
synthesis, and increase the solubility of colloidal NPs in mixed solution. Typical surface 
ligands for the synthesis of semiconductor NPs are tri-octylphosphine oxide (TOPO), 
octadecylamine (ODA), oleic acid (OA), and their derivatives having long alkyl chain 
lengths as depicted in Figs. 2.10 (a) – (c).  
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Figure 2.10 Molecular structures of surface ligands: (a) trioctylphosphine oxide (TOPO), 
(b) octadecylamine (ODA), (c) oleic acid (OA), and (d) pyridine. 
 
Surface ligands having longer chains allow better synthesis conditions. 
Nevertheless, the ligand exchange process is necessary for the application of efficient 
optoelectronic devices from long chains to short chains such as pyridine in Fig. 2.10 (d). 
The proper selection of surface ligands of colloidal NPs can further improve the device 
performance of hybrid solar cells. In this study, pyridine ligands are selected to enhance 
the charge transport by the reduction of inefficient charge hopping process.  
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Chapter 3 
SOLUTION PROCESSABLE HYBRID SOLAR CELLS  
BASED ON CADMIUM SELENIDE TETRAPODS 
 
3.1. Introduction to Cadmium Selenide Tetrapod-shaped Nanoparticles 
Extended structures of CdSe tetrapods (TPs) and hyper-branched nanocrystals 
(NCs) have been studied to enhance the electron transport rate as an acceptor due to the 
uniqueness of 3D morphology.[60-63] Generally, TPs can make desirable electrical 
contacts to adjacent TPs with large surface area comparing to quantum dots (QDs) or 
nanorods (NRs).[64,65] It is relatively easy to produce QDs or NRs with controlled 
dimensions.[53,61] However, those simple-shaped nanoparticles (NPs) have shown the 
disordered distributions and aggregated morphologies as illustrated in Fig. 3.1.  
 
 
Figure 3.1 A depiction of a selection of tetrapods for taking advantages of simple 
quantum dots, nanorods and hyper-branched nanocrystals. 
 
Charge transport of QDs and NRs are mostly processed by less efficient hopping 
transport. [50,51] In case of hyper-branched or more complex structured NCs can show 
large surface areas and intrinsically percolated networks. However, these complex NCs 
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are difficult to control in terms of consistent size and shape. Despite the difficulty to 
synthesize more complex nanostructures reproducibly, recent advances in the synthesis of 
TPs have demonstrated with high yields in shape selectivity and dimensional uniformity 
using cationic surfactant ligands.[66] Selectivity is defined as the percentage of all 
observed NPs identified to be TPs.[66] Higher selectivity is demonstrated by selective 
formation using cationic surfactant ligands such as cetyltrimethyl ammonium bromide 
(CTAB) and didodcyl dimethyl ammonium bromide (DDAB) ligands with oleic acid 
(OA) as depicted in Fig. 3.2. [66,67]  
 
 
Figure 3.2 Molecular structures of cetyltrimethylammonium bromide (CTAB) and 
didocyldimethylammonium bromide (DDAB) surfactant ligands for higher selectivity of 
tetrapods.[66] 
 
Adding inexpensive CTAB or DDAB, the formation of wurtzite structure nuclei 
for CdSe TPs are prevented as described in Fig. 3.3. Instead, zinc-blend structured nuclei 
are preferably generated to form TPs that are induced by the quaternary ammonium 
surfactants facing the core in TPs. [66,67] The initial surface ligands of TPs are OAs to 
improve the solubility and the selectivity. The roles of surface ligands are preventing 
aggregation/oxidation, stabilizing NPs in the mixed solution, isolating the particles 
electronically, and passivating the surface states of NPs. 
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Figure 3.3 Proposed formation mechanisms of CdSe tetrapods with surfactant ligands for 
higher selectivity.[66] 
 
Size-controlled CdSe TPs were synthesized and modified by hot injection 
methods as described in Fig. 3.4. The reaction was performed in a three-neck flask with 
high temperature injection. The initial mixture was prepared with the reagents. The 
mixture was heated and solution was then injected. The reaction was taken hours and 
cooled down to room temperature with stirring magnetic bars. Precipitated NPs were 
centrifuged, and collected CdSe TPs were dissolved in chloroform (CF). The initial 
surfactant surface ligands and surface dangling bonds as traps resulted in the reduction of 
the conductivity of NPs. Thus, it was required to enhance the electrical properties of 
semiconductor NPs by ligand exchanges, chemical treatments, or heat treatment in order 
to remove the longer length insulating surfactants and surface traps, yielding the reduced 
inter-particle spacing. Pyridine ligands were exchanged from OA to enhance the charge 
transfer by reducing inter-particle distances and improving the dispersion of CdSe TPs 
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with different polarities when mixing with polymers. Mixed solution of CdSe TPs with 
excess pyridine was refluxed for 24 hours at 90 oC. After the reflux step, CdSe TPs were 
covered with pyridine ligands in the solution and then precipitated in hexane. The 
centrifugation was followed for several times. After vaporizing the residual solvent, long 
alkyl-chained OA ligands were finally exchanged to pyridine with short chain length as 
described in Fig. 3.4. Pyridine-liganded CdSe TPs were dispersed and stored in CF.  
 
 
 
Figure 3.4 Experimental procedures of CdSe tetrapods synthesis and pyridine ligands 
exchange from oleic acid initial ligands. 
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The size of CdSe tetrapods is measured approximately 4 to 6 nm diameter with 
various lengths of 5 to 10 nm with more than 90% selectivity, in this work similarly to 
the previous publications.[53,60] Atomic force microscopy (AFM) images and 
transmission electron microscopy (TEM) images exhibit the shapes of CdSe TPs at dilute 
concentrations as shown in Fig. 3.5. 
 
  
Figure 3.5 (a) AFM amplitude image (1µm×1 µm, inset: 3D height image) and (b) TEM 
image of CdSe tetrapods. (Courtesy: Solterra Inc.) 
 
The evidence of pyridine exchange process is shown in Fig. 3.6. Pyridine-related 
peaks are detected at 1050, 1380, 1450, and 1580 cm-1 by measuring attenuated total 
reflectance Fourier transformation infrared (ATR-FTIR) regardless of arm length of CdSe 
TPs as indicated in Fig. 3.6. Sufficiently covered pyridine on the surface of CdSe TPs 
quenches photoluminescence (PL), reducing PL intensities. Oleic acid (OA) capped CdSe 
TPs show a characteristic PL peak at 580 nm, whereas, the PL peak of pyridine capped 
TPs is quenched effectively as depicted in Fig. 3.7. Pyridine ligands lead to reduce the 
intermolecular distance and to improve the electrical contacts between CdSe TPs, leading 
to the reduction of series resistance in photovoltaic devices.  
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Figure 3.6 ATR-FTIR data of long and short-armed CdSe tetrapods showing exchanged 
pyridine ligands from OA ligands. 
 
 
Figure 3.7 Photoluminescence (PL) spectra showing quenching effect by pyridine ligand 
exchange. 
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3.2. Details of Experimental Procedures 
The reference device structure and thickness of each layer are described in Fig. 
3.8. Glass substrates, patterned with squares of indium tin oxide (ITO), were cleaned by 
sequential ultra-sonication in acetone, methanol, and isopropanol. Ultraviolet ozone 
(UVO) treatments were followed to remove organic residues and to modify ITO surface.  
 
 
Figure 3.8 A photograph and schematic diagram of device structure of hybrid solar cells 
consisting of CdSe tetrapods and P3HT photoactive blends. 
 
The hole transport layers (HTL) of poly (3,4-ethylenedioxythiophene): poly 
(styrenesulfonate) (PEDOT:PSS) and the photoactive layer of CdSe TPs:P3HT in CF: 
pyridine (9:1) solvents were spin-coated and then heat-treated at 150 oC 30 minutes on 
hot plate, respectively. Photoactive blends consisted of 90 wt% CdSe TPs and 10 wt% 
P3HT at 16 mg/ml as the reference condition. After annealing the samples under nitrogen 
atmosphere, lithium fluoride (LiF)/aluminum (Al) electrodes were thermally evaporated 
at a base pressure of 1×10-7 Torr onto 20 mm2 device areas. Device fabrication 
procedures were illustrated in Fig. 3.9. 
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Figure 3.9 Illustrations of device fabrication process: (a) spin-coating and annealing of 
PEDOT:PSS, (b) spin-coating and annealing of photoactive layer, and (c) evaporation of 
top electrodes with resulting device structures.  
 
Current density versus applied voltage characteristics (J-V) were evaluated by 
using a source measure unit (SMU, Keithley 237) with a solar simulator (Spectra Physics 
Oriel, 300W) under AM 1.5G condition in nitrogen environment. The light intensity at 
illumination was adjusted to be 100 mW/cm2 with Si photodiode reference cell 
(Hamamatsu) certified from National Renewable Energy Laboratory (NREL). Optical 
properties of ultra-thin photoactive layers with the equivalent 60 nm thicknesses were 
characterized by photoluminescence (PL, Horiba Jobin Yvon), absorption spectra (Varian 
Cary 5000 UV-Vis-NIR spectrophotometer), and quantum efficiency (QE, Optronic 
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Laboratories OL-750C) measurements. External (EQEs) and internal quantum 
efficiencies (IQEs) were analyzed in the ambient atmosphere for the excitation 
wavelength range from 350 to 750 nm by 10 nm intervals.  
The TEM samples were prepared by using focused-ion beam (FIB, Philips Nova-
200) on copper (Cu) grids. Cross-sectional images of thin TEM samples were acquired at 
200 kV (Philips CM-200). Surface images were measured by AFM tapping mode (Veeco 
Dimension 3100). Presence of pyridine surface ligands was analyzed by measuring ATR-
FTIR (Bruker IFS 66V/S). Crystallinity of the P3HT layers was obtained by the 
measurement of X-ray diffraction (XRD, PANalytical X’Pert Pro High Resolution X-ray 
Diffractometer). 
 
3.3. Device Engineering of Hybrid Solar Cells 
To improve the device performance of hybrid solar cells, key parameters for 
device engineering are investigated in this section. First, improvement in characteristics 
of semiconductor NPs such as dimensions, shapes, surface ligands, and selectivity is 
required to enhance the device efficiency. The role of ligands on NPs is examined to 
improve the charge carrier transport in this section. In this work, pyridine is selected to 
reduce the inter-particle distance, leading to better charge transport. Furthermore, the 
importance of the selectivity in CdSe TPs is analyzed in terms of 3D network formation 
and better processability. The details of arm size dependence on CdSe tetrapod-shaped 
NPs are studied in chapter 4. The effect on different shapes and blending effect of NPs 
are followed to explicate the tendency in chapter 6. 
Secondly, the development of device architecture can be successful to make 
progress of the efficiency. The formation of bulk heterojunction (BHJ) morphology is 
important to generate the favorable active networks. Interfacial thin layers are also 
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employed to enhance the efficient charge dissociation for vertical phase separation of 
CdSe TPs:P3HT blended photoactive layer. This subject is mainly presented in chapter 5. 
A typical energy diagram of hybrid solar cells based on CdSe NPs:P3HT blends is shown 
in Fig. 3.10. Conjugated polymer P3HT contributes as a donor and CdSe NPs dedicates 
as an acceptor. Polymer donor is important for the increase in the light absorption. Low 
band gap polymer is prominent to expand absorption spectra of photoactive layer. 
Notwithstanding the advantage of low band gap polymer, in this work, the donor polymer 
is fixed as P3HT to reduce the variables in the device engineering. The optimization of 
processing condition and device engineering is deduced to make a good agreement with 
the offsets in energy levels by adjusting the concentration in solution, the donor/acceptor 
ratio, and the active thickness. The uses of hole transport layer (HTL), various electrodes 
configurations, and exciton blocking layer (EBL) are studied in order to balance the 
energy levels, yielding better device performances. Multiple-layered structures having 
interfacial layers assist more efficient charge transport and collection in hybrid devices.  
 
 
Figure 3.10 Energy level diagram of hybrid solar cells having CdSe:P3HT blends. 
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Thirdly, pre-/post-treatments contribute to manage more favorable morphology 
and better interfaces, resulting in the enhancement of device performance. Enhanced 
solubility of mixed solution influences on thickness and blended morphology by means 
of the proper selection of solvent and the use of bi-solvent. Post-annealing process 
increases the crystallinity of polymers and the formation of percolation pathways in the 
photoactive blends. Aging and surface treatment are also alternate directions to improve 
the structural properties of hybrid thin films. Optimization of annealing condition has an 
effect on nano-structural changes and efficient charge transport after the completion of 
solution process. Pre-treatment is effective to remove the residual solvent and enhances 
the phase separation, since the crystallization of polymers is also induced by aggregation 
between polymers and semiconductor NPs.[62]  
Adjacent electronic contacts of semiconductor NPs aid charge carrier transport 
due to the enhancement of thermally activated hopping transport. Without annealing steps, 
the operation of devices shows the degraded device performances. Post-annealing is 
necessary for the optimized conditions to improve the device performances, whereas 
post-annealing over the certain temperatures rather degrades the device performances, 
which is explained by the generation of rough interfaces, trap states, and insulative 
contacts, inferring the increase in the series resistance (Rs) of devices and inefficient 
charge carrier transport. 
Surface ligands cover the semiconductor NPs to improve the solubility in mixed 
solution, attributing insulative passivation of NPs. For efficient charge carrier transport 
and effective morphology at polymer/NPs interfaces, shorter ligand is required such as 
pyridine, thiophenole, butylamine, and octylamine.[61-64] With initially attached 
insulative OA ligands, the series resistance of hybrid solar cells is enormously increased, 
and shows resistive behavior as depicted in Fig. 3.11. After pyridine ligand exchange, J-V 
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characteristics show better diode behavior as shown in Fig. 3.11. Pyridine treated CdSe 
TPs from powder-based original states of CdSe TPs are still deficient to provide efficient 
charge carrier transport, showing low Jsc. Pyridine ligands provide the better miscibility 
in blends from solution-based states of CdSe TPs in chloroform (CF), resulting in 
interpenetrating networks in CdSe TPs:P3HT photoactive blends. Thus, pyridine ligands 
exchange from solution-based CdSe TPs in CF shows superior J-V characteristics. 
 
 
Figure 3.11 J-V curves of hybrid solar cells employing different ligand treatments.  
 
The EQE result of hybrid solar cells supports the efficient charge carrier transport 
of short-length ligands as exhibited in Fig. 3.12. Without pyridine ligand exchange, the 
EQE values of hybrid solar cells using initial OA ligands are less than 1% for overall 
wavelength, indicating inefficient charge carrier transport in CdSe TPs:P3HT blends due 
to long-length liganded surfaces of CdSe TPs. On the contrary, pyridine treated CdSe 
TPs:P3HT photoactive device offers reliable values of EQEs. 
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Figure 3.12 External quantum efficiencies of hybrid solar cells with and without pyridine 
ligand exchange.  
 
Selectivity of CdSe TPs is defined as the percentage of TPs in all observed NPs. 
Higher selectivity exhibits better spatial distribution, leading to uniform and thick coating 
thickness. More uniform and stable active layer enhances better device performances. 
Randomly distributed NPs in the photoactive layer hinder productive charge hopping 
process. The PCE is increased, as selectivity is improved as shown in Fig. 3.13.  
 
 
Figure 3.13 J-V curves of hybrid solar cells employing different selectivity.  
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Thickness, packing density, and morphology of photoactive layers are associated 
with spin-coating speed and concentration of photoactive blends as shown in Fig. 3.14. 
Reference condition of hybrid solar cells based on CdSe TPs consist of 90 wt% of CdSe 
TPs and 10 wt% P3HT using LiF/Al electrode with pyridine ligand exchange.  
 
 
Figure 3.14 J-V curves of hybrid solar cells employing (a) different solution 
concentrations and (b) different concentrations with spin speeds.  
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Optimized solution concentration is determined at intermediate concentration 
between 10 and 40 mg/ml in order to prevent agglomerated nanostructures of devices 
having high-solution concentrations and to reduce the leakage currents of devices having 
low-solution concentrations less than 10 mg/ml as shown in Fig. 3.14 (a). Poor surfaces 
and interfaces of hybrid solar cells may be due to low revolutions-per-minutes (rpm) 
during spin-coating process of photoactive layer, reducing the FF, as depicted in Fig. 3.14 
(b). The devices coated from spin speed of 300 rpm show lower Jsc and the FF than those 
of devices fabricated using intermediate spin speed of 600 rpm. Devices having 16 mg/ml 
show better device characteristics than those of higher concentration of 32 mg/ml. Much 
higher concentrations degrade the efficiency due to agglomerated phases in active blends 
as previously shown in Fig. 3.14 (a). Thus, hybrid solar cells based on tetrapod-shaped 
CdSe NPs can be optimized by the control of process conditions during spin-cast. 
The composition ratio of photoactive layers between the donor polymer and the 
acceptor NPs in the dispersed solution is significantly related to the device characteristics. 
Figure 3.15 shows the J-V curves for various composition ratios by weight percentages 
(wt%) of CdSe TPs and P3HT. The higher wt% of CdSe TPs enhances the device 
performances, since it yields higher Jsc. Typically, 90 wt% semiconductor NPs with 10 
wt% polymer gives the optimum condition, supported by the results of devices in Fig. 
3.15. Because the electron transport through semiconductor NPs becomes more efficient 
with short inter-particle spacing between semiconductor NPs, as wt% increases. 
Moreover, better conductivity for high wt% of CdSe NPs prevents a voltage drop of 
photovoltaic diode, leading to the slight increase of Voc, as supported from the device 
behavior as depicted in Fig. 3.15 
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Figure 3.15 J-V curves of hybrid solar cells employing various composition ratios.  
 
Suitable electrode configurations in hybrid solar cells are related to energy band 
alignments and interface properties. Anode of ITO is generally used for hybrid solar cells, 
and surface treatment such as UVO or plasma treatment is followed. Hole transport layer 
(HTL) of PEDOT:PSS improves the interface and the conductivity, providing the 
increased FF and Voc as shown in Fig. 3.16 Without PEDOT:PSS layer, diode behavior 
of hybrid solar cells based on CdSe TPs:P3HT active layer obtains leakage currents in 
reverse bias regime, even at dark current mode. 
Cathodes of hybrid solar cells are evaluated from the use of Al and LiF/Al 
electrodes. Cathodes consisting of LiF/Al are allowed for efficient charge collection, 
resulting in low Rs and high Jsc. Devices having Al cathode show higher Voc with lower 
Jsc for two different composition ratios of CdSe TPs:P3HT hybrid solar cells as shown in 
Fig. 3.17. On the other hand, cathode having LiF/Al configuration increases Jsc, because 
the insertion of ultra-thin LiF improves the interfaces by modifying the work function of 
electrodes or forming a tunneling junction.[68-70]  
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Figure 3.16 J-V curves of hybrid solar cells with and without PEDOT:PSS layer.  
 
 
Figure 3.17 J-V curves of hybrid solar cells employing various cathode configurations 
with different composition ratios. 
 
Exciton blocking layer (EBL) has introduced to reduce the charge recombination 
at interfaces and to balance the charge carrier transport. However, a common EBL 
material of bathocuproine (BCP) is not effective in hybrid solar cells having CdSe 
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TPs:P3HT photoactive blends as evidenced in Fig. 3.18. The role of BCP has explained 
as the formation of intermediate energy states when metal electrodes deposit.[92] The J-V 
curve of hybrid solar cells having BCP/silver (Ag) electrode shows ohmic-like behavior, 
which might be resulted from the damage onto thin CdSe TPs:P3HT active layer from Ag 
deposition. The possible reason for poor device performance of hybrid solar cells 
employing EBL of BCP might also be caused by the energy level imbalance between 
CdSe TPs and BCP, rather than the formation of intermediate energy states. Thus, charge 
carrier transport may be hindered by difference in energy levels at interfaces. 
 
 
Figure 3.18 J-V curves of hybrid solar cells having BCP/Ag and LiF/Al. 
 
Solvent in mixtures for blended active layer improves the solubility. High 
concentration of mixtures can make a clogging problem in syringe filter, resulting in 
large aggregates in films. Main solvent having high boiling point (b.p.) has reported that 
slow self-organization is present in blended layer.[52] In this work, main solvent is fixed 
as chloroform (CF) having low b.p. temperature due to better solubility of CdSe TPs in 
CF than other solvents. Binary solvent (bi-solvent) typically improves the solubility of 
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solution and interfacial morphology in the mixtures.[62] By adding the small amount of 
pyridine, CdSe TPs become more soluble in main solvent of CF, since CdSe TPs are 
well-covered with pyridine after ligand exchange. Dispersion is important for the 
generation of large interfacial area for better charge carrier transfer. Surface roughness 
and device performances of photoactive blends are dependent on pyridine concentration. 
Without pyridine addition, leakage current becomes larger in reverse bias and device 
performances are degraded as depicted in Fig. 3.19. 
 
 
Figure 3.19 J-V curves of hybrid solar cells employing single solvent and bi-solvent 
systems.  
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3.4. Summary 
Hybrid solar cells based on CdSe tetrapods and P3HT polymer systems are 
demonstrated to take advantages of both inorganic and organic semiconductors. Solution 
process is exploited to develop the low cost manufacturing process. The processes of 
CdSe TPs synthesis and pyridine ligand exchange are investigated to improve the 
electrical and morphological properties of semiconductor NPs in polymer matrix. Device 
optimization process or device engineering is demonstrated to enhance the device 
performances. The key parameters such as ligand exchange, selectivity, concentration, 
composition ratio, electrode/interfacial layer configuration, and solvent selection are 
evaluated to establish the reference device fabrication and the improvement of device 
performance. 
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Chapter 4 
ENHANCED DEVICE PERFORANCE OF HYBRID SOLAR CELLS USING 
LONGER ARMS OF QUANTUM CADMIUM SELENIDE TETRAPODS 
 
4.1 Size Dependence of CdSe Tetrapods on Photovoltaic Devices 
Hybrid solar cells have been developed to combine the attractive attributes of 
both inorganic thin-film and organic bulk-heterojunction photovoltaics to achieve cost-
effective manufacturing with competitive efficiency and potential for flexible device 
applications.[46-48] Inorganic colloidal nanoparticles (NPs) can be engineered to have 
higher carrier mobility and better thermal stability than pristine organic semiconductors, 
with facile access to bandgap tunability.  
By controlling the shape and size of spherical quantum dots (QDs) and elongated 
nanorods (NRs), it has been reported that device performance can be improved.[60] As 
the length of NPs is increased, charge transport is improved, providing higher external 
quantum efficiency (EQE). This is obtained by the band conduction occurred in longer 
NRs rather than charge hopping transport. Perhaps one of the most attractive features 
from a device fabrication perspective is that NPs can be fabricated using printing 
techniques as in QD light emitting diodes (QDLEDs).[71] 
Among colloidal NPs, intrinsic three-dimensional (3D) architecture of tetrapods 
(TPs) and hyper-branched NPs allows them to be excellent candidates as an electron 
acceptor with enhanced electron transport rate over organic materials.[49,50] The 
preference of using TPs over QDs and NRs is due to the overall higher surface area to 
volume ratio which leads to more electrically desirable and connected paths, thus better 
electrical transport.[51,53-54] Although it is difficult to synthesize more complex 
nanostructures reproducibly, recent advances have demonstrated low-cost chemical 
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synthesis of TPs with high yields in shape selectivity and dimensional uniformity using 
surfactant cationic ligands as explained the details in the previous chapter.[66] 
Capitalizing on such advances, the impact of using two different sizes of cadmium 
selenide (CdSe) TPs on device performance is investigated along with the respective 
nano-scale morphology of the hybrid CdSe TPs:poly(3-hexylthiophene) (P3HT)  layer.  
Size-controlled CdSe TPs with selectivity of more than 90% were synthesized 
following previously published methods.[66] Oleic acid (OA) used in the synthesis binds 
to TP surface as a surface ligand coating, giving the TPs stability towards chemical 
degradation and enhancing colloidal stability in organic solvents. However, due to 
relatively long length of OA (~ 2 nm), such ligands should be exchanged with shorter 
ones in order to reduce the inter-particle distances, thereby enhancing the electronic 
transport of the resulting thin layer incorporating the TPs. In addition, judicious choice of 
the ligands should be made in order to allow better compatibility when mixed with a 
specific host polymer in a give solvent.[62] For this purpose, a pyridine ligands exchange 
step was carried out prior to device fabrication.  
 
4.2 Details of Experimental Procedures 
The device structure and thickness of each layer were described in Fig. 4.1 (a). 
Patterned indium tin oxides (ITO) onto glass substrates were cleaned by sequential ultra-
sonication in baths of acetone, methanol, and isopropanol. Immediately prior to device 
fabrication, ultraviolet ozone (UVO) treatment was used to remove organic residues that 
might be present on the ITO surface. Hole injection layer of poly (3,4-
ethylenedioxythiophene):poly (styrenesulfonate) (PEDOT:PSS) was deposited using spin 
coating, followed by a drying process at 150 °C for 30 minutes. Respectively, a 
photoactive layer of CdSe TPs:P3HT in chloroform (CF):pyridine (9:1) solvent mixture 
  56 
was spin-coated and then heat treated at 150° C for 30 minutes. Blended layers consisted 
of 90 wt% CdSe TPs and 10 wt% P3HT at 16 mg/ml concentration.  
In this work, we limited our study to compare hybrid solar cells using long-armed 
(arm width × length: ca. 4 nm × 10 nm) to that of short-armed (ca. 4.5nm × 5nm) TPs. 
After annealing under nitrogen atmosphere, the samples were loaded into a vacuum 
chamber, without exposure to ambient room environment. Lithium fluoride 
(LiF)/aluminum (Al) electrodes were then thermally evaporated at a base pressure of 
1×10-7 Torr to result in an array of devices each having an active area of 20 mm2. Cross-
sectional transmission electron microscopy (TEM) images in Figs. 4.1 (b) and (c) showed 
the various layers of devices having long and short-armed CdSe TPs:P3HT blends as 
described above procedures. 
 
 
Figure 4.1 Schematic diagram of  (a) device structure, and cross-sectional TEM images 
of hybrid solar cells having (b) long and (c) short-armed CdSe TPs:P3HT photoactive 
layer. 
 
Current density-voltage (J-V) characteristics were evaluated using a source 
measure unit (SMU) and a solar simulator under the condition of AM 1.5G. The 
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illumination intensity was adjusted to be 100 mW/cm2 by using silicon photodiode 
reference cell calibrated by the National Renewable Energy Laboratory. 
Characterizations of optical properties of ultra-thin photoactive layers with a nominal 
thickness of 60 nm were carried out using photoluminescence (PL), absorption spectra 
from UV-Vis-NIR spectrophotometer, and quantum efficiency (QEs) measurements. 
External (EQEs) and internal quantum efficiencies (IQEs) were analyzed in air using an 
excitation wavelength range of 350 to 700 nm at 10 nm intervals. Cross-sectional TEM 
samples were prepared on copper (Cu) grids by using focused ion beam (FIB) and TEM 
imaging of such samples was acquired at 200 kV. 
 
4.3 Device Performance of Hybrid Solar Cells Based on Long and Short-armed CdSe 
Tetrapods 
Typical J-V characteristics are shown in Fig. 4.2. The power conversion 
efficiencies (PCEs) of hybrid solar cells base on long and short-armed TPs are 1.12 % 
and 0.80 %, respectively. Device having long-armed TPs is depicted as black solid line 
with circles and device based on short-armed TPs is plotted with red dotted line with 
squares is Fig. 4.2. Device parameters for both devices are summarized in Table 1. 
Devices having long-armed TPs exhibit greater short circuit current density (Jsc) and fill 
factor (FF) than those of short-armed TPs. These results are consistent with previous 
reports indicating that longer NRs lead to enhanced PCEs due to decreased charge 
hopping probability.[47] Moreover, the devices based on long TPs show a factor of six 
lower series resistance (Rs ~ 19.8 ohm-cm2) than the short TPs based ones (~ 121.2 ohm-
cm2), strongly supporting that the longer arm length favors carrier transport pointing to a 
higher degree of continuous electrical paths connectivity than short arm TPs.  
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Figure 4.2 Current density-voltage (J-V) characteristics of hybrid solar cells consisting of 
long and short-armed CdSe TPs (90 wt%):P3HT (10 wt%) under AM 1.5G illumination 
(100 mW/cm2). 
 
Table 1. Device parameters for hybrid solar cells consisting of long and short-armed 
CdSe TPs with P3HT photoactive blends. 
Device PCE (%) Jsc (mA/cm2) Voc (V) FF (%) Rs (Ωcm2) 
Long TPs:P3HT 1.12 3.36 0.73 46 19.8 
Short TPs:P3HT 0.80 2.33 0.86 40 121.2 
 
This is further supported by higher open circuit voltage (Voc) of devices having 
shorter TPs. The higher Voc of short-armed TPs (0.86V) indicates a possible vertical 
phase separation or higher degree of aggregation of the short TPs in the blend than that of 
the longer ones.[72-74] To further support this notion, high-resolution electron 
microscopy (HREM) is used. In Figs. 4.3 (a) and (b), the TEM images of short TPs 
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shows uniform distribution of nano-scale aggregates and closely positioned lattices as 
opposed to better connectivity and dispersion in the blends of the longer arm TPs. The 
insets of Figs. 4.3 (a) and (b) show the schematic illustrations of long and short TPs in 
P3HT matrix. 
 
 
Figure 4.3 HREM cross-sectional images of (a) long (ca. 4 nm × 10 nm) and (b) short (ca. 
4.5 nm × 5 nm) CdSe TPs:P3HT photoactive blends (500 kX).  
 
4.4 Optical and Electronic Properties of Long and Short-armed CdSe Tetrapods 
Comparison of optical absorption of blended films of long and short-armed TPs 
with P3HT allows further understanding of the origin of the larger photocurrent generated 
from the devices based on long-armed TPs. Figure 4.4 (a) shows the absorption spectra of 
mixed TPs:P3HT layers. Blended film having long-armed TPs shows stronger absorption 
than short TPs over a broad range. The more photons absorbed in the active layers, the 
larger the photocurrent that can be generated. 
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Figure 4.4 (a) Absorption spectra of blends of CdSe TPs (90 wt%) and P3HT (10 wt%) 
and (b) normalized absorption spectra in blends of long/short CdSe TPs:P3HT, P3HT, 
and pristine long/short CdSe TPs.  
 
Annealed P3HT has been reported to contribute effectively to light absorption 
due to better crystallinity and/or increment in crystalline domain size.[75] The stronger 
absorption of blends based on long-armed TPs is a possible indicator of a better P3HT 
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ordering and larger domain structure in the blended layer. Furthermore, normalized 
absorption shows that long-armed TPs have relatively higher absorption than short-armed 
TPs over the spectral range of 350 to 470 nm in Fig. 4.4 (b). Therefore, larger Jsc 
observed in devices based on long TPs can be attributed, in part, to the increased optical 
absorption due to morphological reasons aided by the increased length of the TPs. 
The optical band gap energy is analyzed from the absorption spectra of pristine 
long and short-armed CdSe TPs in Fig. 4.5. Long and short-armed TPs show a little 
difference in absorption edge.[76] Long-armed TPs has slightly larger optical band gap 
energy (2.1 eV) than that of short TPs (2.0 eV) according to Tauc relation of equation 
(4.2), indicating the prior dependence on width of NPs, where Ao is denoted the band 
tailing constant, α is the absorption coefficient, E is the photon energy (E = hν), Eg is the 
optical band gap energy and n = 0.5 for direct band gap and n = 2 for indirect band gap.  
 !" = !!(! − !!)! 
 
 
Figure 4.5 Plots of optical band gap energy for long and short-armed CdSe TPs. 
(4.2) 
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As depicted in Fig. 4.6 (a), the EQE of short-armed CdSe TPs:P3HT blend is 
lower than long-armed CdSe TPs:P3HT. This is consistent with the corresponding 
absorption spectra. To exclude the influence of optical interference, the IQEs are obtained 
by normalizing the EQE data. The IQE of devices based on short-armed CdSe TPs:P3HT 
is lower than that of devices made using long-armed CdSe TPs:P3HT in Fig. 4.6 (b), 
indicating charge carrier transport is less efficient in short-armed devices.  
 
 
 
Figure 4.6 (a) External and (b) internal quantum efficiencies of devices based on long and 
short-armed CdSe TPs (90 wt%) and P3HT (10 wt%) photoactive layers.	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Lower charge transport efficiency decreases not only the QE, but also FF. The 
calculated FF of devices having short-armed TPs (40%) is less than that of long-armed 
TPs (46%), which could result possibly from the presence of more recombination 
pathways and less efficient charge extraction process as evidenced by the higher Rs of 
short TPs.[51] The aggregated and discontinuous morphology will also decrease the 
exciton diffusion and dissociation of short-armed TPs:P3HT devices, thus leading to loss 
in power conversion efficiency.  
 
4.5 Correlation of Spatial Morphology and Charge Transport 
Spatial distribution of CdSe TPs:P3HT blends is uniform and random when using 
chloroform and pyridine bi-solvent system as shown in Figs. 4.7 (a) and (b). Investigating 
further the morphological effects on charge transport, shorter TPs experience more 
hopping chances than longer TPs. Average number of inter-particle hopping in long and 
short-armed TPs between PEDOT:PSS and LiF/Al cathodes are 8.1 ± 0.9 and 9.9 ± 0.8, 
respectively. These values are calculated by counting projected TPs in the HREM cross-
section of real devices in Fig. 4.7.  
Reducing the hopping enhances the electron transport of large NPs due to a band-
like transport of charges. [47-48,50-51] As seen in Figs. 4.3 (a) and (b), long-armed TPs 
present longer percolation pathway and large domains of P3HT, than those of shorter arm 
TPs:polymer blends. This allows for a more favorable hole drift and diffusion in order to 
minimize exciton recombination events along the charge transport pathways.[72,77] 
Isolated and discontinuous clusters of P3HT in short TPs:P3HT blends shown in Fig. 4.3 
(b) hinder efficient hole transport towards ITO electrode. Thus, the photocurrent of 
hybrid solar cells that consists of short-armed TPs can be reduced due to electrical 
restrictions and structural limits.  
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Figure 4.7 HREM cross-section images of (a) long-armed CdSe TPs (ca. 4 nm × 10 
nm):P3HT and (b) short-armed CdSe TPs (ca. 4.5 nm × 5 nm):P3HT devices (200 kX). 
 
To further understand the nano-sized crystalline domains of P3HT, X-ray 
diffraction (XRD) analysis is investigated. Domain growth and crystallization of 
polymers is due to phase separation and strong inter-chain interaction. This phenomenon 
increases the absorption and spectral photocurrent in photoactive layer. Scanned XRD 
results of pristine P3HT ordered film are detected 2θ peaks at 5, 11, and 16 degrees with 
good packing density in Fig. 4.8. On the other hand, XRD data of blended films do not 
display distinct peaks to identify the ordering and size of P3HT domains, because the 
phase of P3HT can be extremely fine and difficult to be recognized by the detector. 
However, it may be predicted that P3HT domains in long-armed TPs are larger and 
affected on the packing density of films, as evidenced in TEM image of Fig. 4.3 
(a).[78,79] Thus, higher crystallinity and better organization of polymers in nano-scale 
morphology result in the increased efficiency. 
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Figure 4.8 X-ray diffraction patterns of thin films for P3TH crystallinity detection. 
 
4.6 Summary 
In summary, device performance of hybrid solar cells based on tetrapod-shaped 
CdSe nanoparticles and conjugated polymer P3HT can be obtained by using longer 
armed tetrapods that aids in better connectivity, thus decreasing charge-hopping events 
which lead to better charge transport. Longer tetrapods with 10 nm length lead to 
improved power conversion efficiency of 1.12% compared to 0.80% of device having 
5nm short-armed tetrapods:P3HT photoactive blends. The arm size of CdSe TPs and the 
spatial distribution of CdSe TPs:P3HT morphology are critical factors to improve optical 
and electrical properties of photovoltaic devices. Longer arms of TPs contribute to lower 
probability of charge hopping and increase the photo-spectral response. The power 
conversion efficiency of devices having long-armed TPs is higher than those of short 
arms. The lower charge transport losses at interfaces, resulting from the formation of 
continuous percolation pathways in the longer armed devices, contribute to enhanced Jsc 
and FF. This implies that controlling 3D morphologies and contact interfaces can be 
aided by the proper choice of the size of TPs and may lead to better device characteristics.  
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Chapter 5 
IMPROVEMENT OF VERTICAL PHASE SEPARATION IN HYBRID SOLAR 
CELLS BY INTRODUCUING SOLUTION-PROCESSED INTERFACIAL LAYERS 
 
5.1 Vertical Phase Separation in Bulk Heterojunction Hybrid Solar Cells 
The low cost, easy processing, and highly efficient hybrid solar cells have been 
investigated and have been shown to improve of the device performance by employing 
simple soluble process.[46-47,80] The charge transport in the hybrid solar cells has been 
enhanced by leading to three-dimensional (3D) morphological/electrical networks and 
increasing the dimension/the shape-complexity of nanoparticles (NPs).[77,81] 
Photovoltaic (PV) devices using micro-contact stamp, transfer printing, sequential layer-
by layer deposition, or devices having inverted structure have been suggested to enhance 
the power conversion efficiency (PCE) by generating vertical phase separation (VPS) in 
hybrid bulk heterojunction (BHJ) solar cells.[82-87]  
Controlled VPS has presented favorable balance on better charge collection and 
less interfacial recombination. Applying the high boiling point (b.p.) solvents and bi-
solvent mixtures have been investigated to progress and to utilize vertically segregated 
compounds by optimizing the device fabrication conditions.[50,88] The nano-scale 
morphology of NPs:polymer system has been intended the formation of donor-enriched 
anode and acceptor-enriched cathode, allowing more efficient charge dissociation and 
transport.[89,90] However, most devices based on NPs have shown uniformly distributed 
homogeneous layer or morphology with rather donor-enriched cathode, as shown in 
previous chapters.[85,86]  
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5.2 Surface Treatment and Interfacial Layer: Preliminary Test 
 Typically, blended layers provide mixed phases rather than segregated or 
separated phases between donor and acceptor. Several post-treatments such as 
thermal/solvent annealing or atmosphere/electrical aging have utilized to obtain the 
effective phase separation. Eventually, phase separation in organic photovoltaics (OPV) 
has reported by using AFM. Some research groups have developed solvent annealing 
method, using high boiling point solvent for slow crystallization of polymer during 
annealing process, which is effective in P3HT:[6, 6]-phenyl-C61-butyric acid methyl 
ester (PCBM) systems, leading the improvement of the efficiency due to the increment of 
the polymer mobility and interfacial areas.  
On the contrary, finding clear evidence of phase separation in hybrid 
photovoltaics based on nanoparticles has not convinced. In fact, TEM images of real 
hybrid devices have not fully supported phase separation or distribution. Typically, 
nanoparticles are uniformly distributed through the whole active layer. In the NPs:P3HT 
blends system, if the percolation paths are continuously generated, slow crystallization of 
polymer region could be essential. However, very small NPs are not connected to other 
NPs. Charge transfer by hopping is a slow process and no aggregation occurs after spin 
casting or soluble process. Therefore, the geometry of NPs including size and shape is 
important to improve the charge transport properties.  
To overcome slow charge transfer rate, contact surface modification is applied by 
UV ozone (UVO) treatment on the surface of active layer. The motivation of surface 
treatment is to increase the interfacial contact area of NPs to electrodes in BHJ 
photoactive region. The exposure of NPs surface at top electrodes and the covering of 
P3HT on bottom electrode are critical to generate productive photocurrents.[47] By using 
UVO treatment, overlay of P3HT polymer on top surface of BHJ active layer can be 
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removed. Inorganic CdSe tetrapods (TPs) are remaining with short time UVO treatment. 
Consequently, the surface area of TPs on CdSe TPs:P3HT blends is predicted to become 
larger after UVO surface etching as illustrated in Fig. 5.1 (b). Furthermore, additional 
deposition of acceptor materials, such as C60 (fullerene), might assist the efficient 
electron extraction as illustrated in Figure 5.1 (c). 
 
 
Figure 5.1 Device structures and fabrication process of (a) conventional hybrid solar cells, 
(b) surface etched solar cells by UVO treatment, and (c) insertion of ultra-thin acceptor 
layer. 
 
Intensities of absorption spectra became smaller comparing to the reference 
sample, as UVO time increases, owing to P3HT removal in Fig. 5.2. The surface 
roughness was also gradually decreased by means of root mean square (RMS) and peak 
to valley (PTV) values from AFM measurements in Table 2. Measured RMS value was 
decreased from 5.1 to 3.3 nm after 30 seconds UVO treatment. Surfaces in AFM phase 
images showed the direct evidence of polymer elimination and surface smoothness in Fig. 
5.3. Native silicon oxide (SiO2) removal of Si surface has performed by wet etch or dry 
etch technology. Relatively, P3HT polymer was easily etched by UVO treatment. Surface 
removal of polymer in hybrid solar cells or OPVs has never carried out before.  
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Figure 5.2 Absorption spectra of CdSe TPs:P3HT blends by UVO etching time. 
 
 
Figure 5.3 AFM phase images (1µm × 1µm scans) of CdSe TPs:P3HT blends by UVO 
etching time.  
 
Table 2. Values of surface roughness (1µm × 1µm scans) of CdSe TPs:P3HT blends by 
UVO treatment time.  
UVO time  RMS (nm) PTV (nm) 
Reference 5.1 32.5 
UVO 10s 4.1 30.3 
UVO 30s 3.3 23.6 
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Insertion of a C60 layer as an electron transport layer after UVO treatment was 
introduced on CdSe TPs:P3HT active layer. Photocurrent Jsc increased with UVO 10 
seconds treatment, inferring the decrement of contact resistance. However, most other 
properties of devices having C60 layer were degraded as shown in Figure 5.3. Device 
parameters for each condition were summarized in Table 3. Long UVO treatment was 
likely to generate the surface oxidation or resistive exposition, resulting in higher series 
resistances. Damage from UVO etching was elucidated by the degradation of device 
characteristics. Furthermore, the C60 insertion did not match the energy balance, resulting 
in less Voc.  
 
 
Figure 5.4 J-V characteristics of hybrid solar cells employing UVO treatment and 
insertion of C60 interfacial layer. 
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Table 3. Device parameters of hybrid solar cells employing UVO treatment and insertion 
of C60 interfacial layer. 
Device  PCE (%) Jsc (mA/cm2) Voc (V) FF (%) Rs (Ωcm2) 
Reference 0.37 0.99 0.83 45 44.4 
UVO 10s 0.34 1.10 0.70 45 25.7 
UVO 30s 0.16 0.62 0.78 33 376.8 
UVO 10s + C60  0.21 0.99 0.50 41 22.8 
UVO 30s + C60  0.079 0.41 0.66 29 618.4 
 
In summary, the surface or interface modification on photoactive layer processed 
by the soluble solar cells showed the feasibility by applying UVO treatment and the C60 
insertion. However, optimized conditions of treatment condition and proper selection of 
materials would be required to improve the efficiency. Instead of etching or removing 
materials, it would be prominent the addition of compensating or sacrificing layers 
between electrodes and photoactive layer, as investigated in the next section to enhance 
the vertical phase separation in hybrid CdSe TPs:P3HT solar cells.  
 
5.3 Details of Experimental Procedure 
Synthesis of CdSe TPs, in this work, was carried out following procedures. As an 
initial ligand, oleate or oleic acid (OA)-capped CdSe TPs were synthesized through the 
hot-injection method as previously published.[66,91] Firstly, selenium (Se) powder was 
mixed and ultra-sonicated with trioctylphosphine (TOP), resulting in a trioctylphosphine 
selenide (TOPSe) solution as Se precursor. Secondly, the cationic surfactant ligand, 
cetyltrimethyl-ammonium bromide (CTAB) in toluene, was added into TOPSe solution 
to improve the selectivity of CdSe TPs. Thirdly, the mixture of cadmium oxide (CdO), 
OA and octadecene (ODE) as Cd precursor was heated under argon (Ar) in a four-neck 
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flask at 250 °C. Finally, Se precursor was quickly injected into the flask, resulting in the 
formation of OA-capped-CdSe TPs. The solution was followed a cool-down step to room 
temperature (RT). The resulting CdSe TPs were washed using acetone, then dried, 
weighed, and dispersed in chloroform (CF).  
As explained in previous chapters, ligand exchange process was required to 
reduce the inter-particle distance between NPs. Pyridine was added to the dried CdSe TPs 
powder. The CdSe TPs-dispersed solution was stirred for 24 hours at RT under an argon 
atmosphere, and then hexane was added to precipitate the pyridine exchanged CdSe TPs. 
The final product was followed the drying, weighing, and dispersion in CF. 
To evaluate the device performance, hybrid solar cells containing CdSe 
TPs:P3HT photoactive layer were fabricated. Glass substrates were prepared by square-
shaped patterns of ITO. The substrates were sequentially cleaned by ultra-sonication in 
acetone, methanol, and isopropanol baths. Following UVO treatments were performed to 
remove organic residues on ITO surfaces. Conductive polymer of poly (3,4-
ethylenedioxythiophene): poly (styrenesulfonate) (PEDOT:PSS) was spin-coated as hole 
injection layer and annealed at 150 °C for 30 minutes.  
The bottom interfacial layers of P3HT as a hole transport assisting layer (HTAL) 
were dissolved in dichlorobenzene (DCB) at different concentrations of P3HT (X = 2, 5, 
10, 20 mg/ml), then spin-coated at 800 rpm, and annealed at 185 °C of relatively higher 
temperature than other layers. The blended CdSe TPs: P3HT solution for bulk 
heterojunction photoactive layer (BPL) was mixed in CF:pyridine:chlorobenzene (CB) 
(8:1:1). The photoactive layers comprising of 90 wt% CdSe TPs and 10 wt% P3HT at 15 
mg/ml were spin-coated onto substrates at 600 rpm and heat-treated for 20 minutes at 
155 °C sequentially. The top interfacial layers of CdSe TPs as an electron transport 
assisting layer (ETAL) dispersed in CF:pyridine (9:1) mixtures were spin-coated at 
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600rpm and heated on hotplate at 155 °C. After multiple steps of spin-coating and 
annealing under nitrogen atmosphere, electrodes of lithium fluoride (LiF)/aluminum (Al) 
were thermally deposited at a base pressure 1×10-7 Torr onto 20 mm2 device areas 
defined by metal shadow masks.  
Device parameters and J-V characteristics were examined under AM 1.5G 
standard conditions at 100 mW/cm2 illumination by using a source measure unit (SMU) 
and a solar simulator. The light intensity at illumination mode was adjusted to Si 
reference photodiode. The EQEs, IQEs and the reflectivity were determined from 350 to 
700 nm excitation wavelengths with 10 nm intervals in the air. Characterization of this 
films was investigated to support the optical and structural properties of thin film layers 
consisting of CdSe TPs:P3HT photoactive layer. Optical spectra of thin films were 
measured by spectrophotometer with diffuse reflectance accessory (DRA) and 
photoluminescence (PL) studies. The transmission electron microscopy (TEM) samples 
were fabricated by focused ion beam (FIB) on copper (Cu) grids. Cross-sectional TEM 
images were acquired at 200 kV. Surface morphologies were analyzed by atomic force 
microscopy (AFM).  
 
5.4 Manipulated Vertical Phase Separation Based on Solution-Processed Interfacial 
Layers 
Improved vertical phase separation in bulk heterojunction type solar cells has 
shown favorable balance of charge extraction and less interfacial recombination. In this 
study, functionalized multilayer model comprised of hole transport assisting layer 
(HTAL)/BHJ photoactive layer (BPL)/electron transport assisting layer (ETAL); HBE 
model is demonstrated by using simple spin-coating process in order to establish the 
vertical gradient of poly (3-hexylthiophene) (P3HT) polymer and cadmium selenide 
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(CdSe) tetrapods (TPs). Electron accepting CdSe TPs manifest intrinsic 3D architecture 
to obtain the continuous conducting pathways embedded in polymer matrix.[63]  
Inserting interfacial layers of neat P3HT film as HTAL and pristine CdSe TPs as 
ETAL can emphasize the role of vertically separated phases in hybrid solar cells. 
Accordingly, hybrid solar cells using manipulated VPS from HBE model can be 
fabricated by introducing additional interfacial layers to further assist charge carrier 
generation, dissociation and collection. More characteristic advantage of HBE model is to 
enlarge the interfacial contact areas between electron acceptor and donor. As a result, 
highly populated CdSe NPs beneath top metal cathode and densely distributed P3HT on 
bottom indium tin oxide (ITO) anode are practical to generate photocurrents largely and 
to transport charge carriers efficiently with desirable morphology of VPS. As a 
consequence, the charge separating interfacial area of electron donor and acceptor at both 
electrodes can become larger, aiding efficient charge generation and transport. 
A proposed HBE model of the hybrid solar cells is similar to p-type/mixed 
interlayer/n-type (p-i-n) structure of small molecule organic photovoltaics (OPVs) or 
heterojunction with intrinsic thin layer (HIT) of inorganic thin film PV sandwiched by 
neat films producing large photocurrent.[92-94] While multiple layers of small molecules 
or inorganic thin films are simply co-deposited and easily stacked by controlling the 
deposition condition, the soluble process is unfavorable to fabricate more complex 
multilayers.  
Despite a recent report of minor redissolution of underlayered P3HT in 
sequentially spin-coated bilayer polymer-fullerene solar cell by proper selection of 
orthogonal solvent, bottom layer of solution processed multilayers is almost vanished by 
the solvent or chemical attack.[95] For example, massive removal of bottom polymer is 
evidenced by the preliminary test using P3HT and PCBM dissolved in 1,2-
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dichlorobenzene (DCB). Spin-coating of P3HT:PCBM blends, the common BHJ 
photoactive layer of OPV, onto P3HT film results in the destructive decomposition of 
pre-formed P3HT.  
The targeted device structure of hybrid solar cells should show vertical phase 
separation with donor-enriched anode and acceptor-enriched cathode as shown in Figure 
5.5 (a), because this allows more efficient charge transport.[50] However, most of 
devices based on NPs have uniformly distributed interpenetrating layers in Figure 5.5 (b). 
Therefore, manipulated VPS is proposed by introducing additional interfacial layers, 
following solution process as described in Figure 5.5 (c). 
 
 
Figure 5.5 Device Structures of (a) the targeted vertical phase separation, (b) uniformly 
distributed real bulk heterojunction, and (c) manipulated vertical phase separation by 
introducing interfacial layers. 
 
The VPS assisting HBE structured devices using semiconductor NPs were 
fabricated by optimizing the solvent mixture and post-heat treatment as explained in 
experimental section. Binary solvents intermixing and annealing process conditions 
controlled the solubility of mixed solvents and the packing density of blended 
materials.[52,62] In this study, pyridine was used as auxiliary solvent for uniform 
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dispersion of CdSe TPs in blends. Main solvent of chloroform (CF) in CdSe TPs:P3HT 
BPL was quickly vaporized during spinning due to the low bp of 61 °C, which prevented 
bottom HTAL of P3HT being deteriorated from chemical attack. Thus, CdSe TPs:P3HT 
BPL was more susceptible on P3HT layer with minor loss for higher P3HT concentration 
than 5 mg/ml. Annealing of hole transporting P3HT at relatively higher temperature of 
185 °C further increased the resistance against chemical attack and assisted to form 
highly ordered crystallization of P3HT for higher mobility.[79] 
Higher P3HT concentration of HTAL increased photoluminescence (PL) 
intensities gradually as shown in Fig. 5.6. High intensity of PL could imply the energy 
loss as light emission or inefficient charge/energy transfer.[96] In this study, the 
concentration of P3HT interfacial layer was linearly proportional to the thickness 
measured by using a profiler at same spin-coating conditions as depicted in Fig. 5.7.  
 
 
Figure 5.6 Measured photoluminescence spectra of HTAL employing various P3HT 
concentrations. (Inset: AFM height and phase images (1µm × 1 µm) of P3HT HTAL at X 
= 2, 5, 10, 20 mg/ml). 
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Figure 5.7 Measured thickness of HTAL employing various P3HT concentrations. (X = 2, 
5, 10, 20 mg/ml). 
 
Accordingly, the thickness or the concentration of P3HT layer was optimized 
properly to reduce the charge transfer loss. Additional interlayer of HTAL also provided 
the acceleration of hole drift by generating fibrillar morphology with higher carrier 
mobility. The phase images of atomic force microscope (AFM) convinced the fibrillar 
growth at low concentration P3HT loading of 2 and 5 mg/ml in insets of Fig. 5.6. It was 
noted that P3HT layer at 5 mg/ml as HTAL could improve the device performance by 
forming advantageous nano-scale morphology with solid robustness against the solvent 
attack.[62] Therefore, thickness of HTAL by the concentration should be optimized 
properly to reduce the recombination loss. 
To establish the effect of VPS manipulated HBE structure, the BPL was spin-
coated with composite ratio of 70 wt% CdSe TPs and 30 wt% P3HT, which induced 
more volume ratio and percolation pathways of P3HT than 90 wt% CdSe TPs and 10 wt% 
P3HT blends. In optical spectra of Fig. 5.8 (a), the absorption spectra of multi-layers 
having HTAL/BPL/ETAL showed clear increasing tendency, as the P3HT concentration 
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increased. High concentration P3HT loading increased PL intensities significantly as 
shown in Fig. 5.8 (b), explicating the energy loss as light or inefficient bimolecular 
recombination. Respectively, with the insertion of 2 and 5 mg/ml P3HT insertion, weaker 
PL intensities were detected with multi-layers.  
 
 
Figure 5.8 (a) Absorption and (b) photoluminescence spectra of multilayers having P3HT 
(X = 2, 5, 10, 20 mg/ml)/CdSe TPs (70 wt%):P3HT (30 wt%)/CdSe TPs (100 wt%) 
structures. 
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For the J-V characteristics in Fig. 5.9, Jsc declined with the insertion of HTAL 
and ETAL at 70wt% CdSe TPs: 30wt% P3HT devices. In contrast, Voc and FF increased 
more and looked saturated. Moreover, insertion of interfacial HTAL eliminated the 
leakage current of single layered BPL device in dark current mode. This implied that the 
interfaces were improved and charge balance was advanced. It also indicated that the 
charge collection efficiency by inserting HTAL and ETAL were improved. A relatively 
low FF of single layered device was limited by the unbalanced charge segregation in 
blended layers as indicated in Table 4.[97] 
 
 
Figure 5.9 J-V characteristics of hybrid solar cells having P3HT (HTAL)/CdSe TPs (70 
wt%):P3HT (30 wt%) (BPL)/CdSe TPs (ETAL) layers with different HTALs at X = 2, 5, 
10, 20 mg/ml. 
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Introduction of HTAL might advance the acceleration of hole mobility by the 
formation of fibrillar morphology of P3HT. The morphology of AFM phase images 
convinced the fibrillar morphology with low concentration P3HT loading of 2 and 5 
mg/ml in the inset of Fig. 5.6. The PL intensities of multi-layers with same HTAL 
concentrations were dwindled comparing to layers having higher concentration. At BPL 
and top surface after ETAL coating, the surfaces of devices with different bottom P3HT 
concentrations observed similar images and showed CdSe TPs smooth surfaces. Thus, the 
crystallinity or microstructures of HTAL contributed to improve the device performances, 
as shown in Table 4. 
 
Table 4. Device parameters of hybrid solar cells having P3HT (HTAL)/CdSe TPs (70 
wt%):P3HT (30 wt%) (BPL)/CdSe TPs (ETAL) layers with different concentrations of 
HTAL (X = 2, 5, 10, 20 mg/ml). 
Device structure PCE (%) Jsc (mA/cm2) Voc (V) FF (%) Rs (Ωcm2) 
BPL 0.19 1.20 0.42 38 18.4 
HTAL (2mg/ml)/BPL/ETAL 0.13 0.53 0.55 43 59.0 
HTAL (5mg/ml)/BPL/ETAL 0.20 0.68 0.64 47 56.0 
HTAL (10mg/ml)/BPL/ETAL 0.13 0.44 0.61 49 73.7 
HTAL (20mg/ml)/BPL/ETAL 0.077 0.26 0.62 48 351.5 
 
5.5 Enhancement in Device Performance of Vertically Segregated Hybrid Solar Cells  
Absorption and PL spectra were shown for different structures in Figs. 5.10 (a) 
and (b) at 5 mg/ml P3HT concentration of HTAL; layers comprised of (i) P3HT (HTAL), 
(ii) P3HT/CdSe TPs:P3HT (HTAL/BPL; HB), (iii) P3HT/ CdSe TPs:P3HT /CdSe TPs 
(HTAL/BPL/ETAL; HBE) and (iv) CdSe TPs:P3HT (BPL). The HB structure (ii) 
increased the intensities of both absorption and PL, indicating that PL increment was 
  81 
obtained from not only the thickness of entire layers but also inefficient charge transfer. 
Thus, HB structure (ii) might have a trade-off between the increase in photocurrent 
generation and the decrease in charge transport.  
 
 
Figure 5.10 (a) Absorption and (b) PL spectra of different layers; (i) P3HT (dash-dot 
lines), (ii) P3HT/P3HT:CdSe TPs (dashed lines), (iii) P3HT/P3HT:CdSe TPs/CdSe TPs 
(solid lines), and (iv) P3HT:CdSe TPs (dotted lines). 
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On the other hand, inserting both HTAL and ETAL of pyridine liganded CdSe 
TPs onto BPL as applied in HBE structure (iii) quenched PL effectively and maintained 
similar intensity to pristine P3HT layer of structure (i) and reference of BPL structure (iv), 
while absorption increased steadily. The results implied that the charge carriers 
transported efficiently adding ETAL of CdSe TPs dissolved in volatile CF.  
In current density to voltage (J-V) characteristics, the short circuit current density 
(Jsc) of device (III) having both HTAL and ETAL achieved more than doubled 
comparing to that of device (I) as shown in Fig. 5.11. (Device (I); ITO/ PEDOT: 
PSS/P3HT:CdSe TPs/LiF/Al (BPL), device (II); ITO/PEDOT:PSS/P3HT/P3HT:CdSe 
TPs/LiF/Al (HB), and device (III); ITO/PEDOT:PSS/P3HT/P3HT:CdSe TPs/CdSe 
TPs/LiF/Al (HBE))  
 
 
Figure 5.11 Typical J-V curves of device structures: device (I) BPL, device (II) 
HTAL/BPL (HB), and device (III) HTAL/BPL/ETAL (HBE). 
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Inserting transport assisting layers in devices (II) and (III) improved the fill factor 
(FF), supporting that the interfaces were improved and charge balance was advanced. A 
relatively low fill factor (FF) of device (I) having only single BPL was limited by the 
unbalanced charge segregation in blended layer.[95] On the contrary, the series resistance 
(Rs) decreased from 52.8 of device (I) to 16.3 Ωcm2 of device (III), influencing on better 
charge collection. Reduction in Rs might be related to lower the contact resistance at 
electrodes, leading to enhance the PCE, as summarized in Table 5.[89] It was emphasized 
that the efficient charge collection at electrode interfaces were more enhanced by 
comprising intentionally designed VPS in nanostructure than those of simple BHJ 
devices. As a result, VPS assisted HBE device (III) achieved 0.84% PCE comparing to 
0.35% of reference BPL device (I).  
 
Table 5. Device parameters of hybrid solar cells having different structures of BPL, 
HTAL/BPL, and HTAL/BPL/ETAL 
Device 
Structure 
PCE  
(%) 
Jsc  
(mA/cm2) 
Voc  
(V) 
FF  
(%) 
Rs  
(Ωcm2) 
Device (I) 0.35 ± 0.01 0.99 ± 0.03 0.81 ± 0.01 44.0 ± 0.5 52.8 ± 4.6 
Device (II) 0.46 ± 0.02 1.28 ± 0.05 0.72 ± 0.01 49.4 ± 1.2 25.6 ± 2.2 
Device (III)  0.84 ± 0.02 2.42 ± 0.06 0.69 ± 0.01 50.0 ± 0.7 16.3 ± 1.6 
 
Nano-scale phase separation in BHJ based solar cells increased the external 
quantum efficiency (EQE) with higher Jsc and FF.[98] The VPS manipulated HBE 
device (III) yielded significantly higher EQE of 27.5% at 400 nm and internal quantum 
efficiency (IQE) of 32.2% at 370 nm with the insertion of both HTAL and ETAL than 
those of device (I) and (II) in Fig. 5.12 and the inset. Manipulated HBE structure of 
device (III) with better VPS generated more excitons with higher absorption and 
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transported charge carriers more efficiently than those of simple device (I) or HB layered 
device (II).  
 
 
Figure 5.12 External quantum efficiencies (inset: IQEs for each device) of device 
structures: (I) BPL, (II) HTAL/BPL (HB), and (III) HTAL/BPL/ETAL (HBE). 
 
Smaller reflectivity of device (III) using HBE was detected at wavelength of 400 
to 550 nm in Fig. 5.13. It was reported that reflectivity and IQE could be affected by the 
morphology of photoactive layer near electrodes.[81] It was able to obtain that HBE 
model was further beneficial to generate the embossed and coarse surface textures 
consisted of pristine CdSe TPs near top cathode, resulting in the reduction of reflectivity 
and the increment of absorption.  
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Figure 5.13 Reflectivity of device structures: Device (I) BPL, Device (II) HTAL/BPL 
(HB), and Device (III) HTAL/BPL/ETAL (HBE). 
 
In Figs. 5.14 (a) and (b), the TEM cross-section images are shown for simple 
BHJ device (I) and VPS manipulated HBE device (III). Average thickness for each layer 
is denoted in schematics. Boundary between PEDOT:PSS and P3HT is not noticeable; 
because, it is difficult to distinguish the polymers by conventional TEM measurement. 
Since annealed PEDOT:PSS is not decomposed by DCB, thickness of PEDOT:PSS in 
device (III) is almost same as that of device (I). Surface of P3HT might be diminished 
from BPL coating due to the reduced thickness of 22 nm when compared to 33 nm of 
single P3HT layer. However, P3HT still remains effectively to attribute favorable 
morphology for hole transport.  
In Fig. 5.14 (a) and inset, plenty of CdSe TPs are settled on PEDOT:PSS layer 
and P3HT with bright contrast is adjoined to LiF/Al electrode, leading the recombination 
losses. On the contrary, HBE device (III) inset of Fig. 5.14 (b) indicates the apparent 
vertical gradients with dark regions of top CdSe TPs and bright regions of bottom P3HT. 
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The exposed P3HT top surface in BPL region is completely covered with CdSe TPs 
ETAL, reducing the interface recombination loss and increasing the charge collection 
efficiency.  
 
 
Figure 5.14 Cross-sectional TEM images of (a) the reference BPL device (I) and (b) the 
VPS manipulated HBE device (III) (insets: magnified cross-sections of each device). 
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The 3D height and amplitude images from AFM measurement show the surface 
of each layer on HBE structured devices having BPL of CdSe TPs (90 wt%) and P3HT 
(10 wt%). First, the bottom P3HT layer as HTAL shows fibrillar morphology and 
uniform distribution, which promotes efficient hole extraction after charge carrier 
dissociation from BPL in Fig. 5.15 (a). Second, the middle BPL of CdSe TPs:P3HT 
blends is characterized by spiky and mixed surfaces with uncovered P3HT in Fig. 5.15 
(b). Notably, the top surface is densely covered with embossed microstructures created by 
100 wt% CdSe TPs as ETAL from the top AFM image of Fig. 5.15 (c), yielding better 
electron transport.  
 
  
Figure 5.15 AFM 3D height and amplitude surface scans (5µm × 5µm) of each layer 
performed as (a) HTAL, (b) BPL, and (c) ETAL. 
 
This morphological interface geometry can also improve the charge collection 
efficiency at the contact to cathode in the way of increasing surface area to volume ratio 
  88 
and minimizing the series resistance as the form of embossed surfaces, suppressing the 
loss from the reflection. Roughness increases linearly with multiple layers, supporting the 
increased surface area by inserting interfacial layers, as summarized in Table 6. Thus, 
TEM cross-section and AFM surface images are directly supported the manipulated VPS 
features of device (III). Solvent drying rate has an important role in HBE structure. Upper 
layers are required low boiling point solvent for fast drying. 
 
Table 6. AFM roughness values of different layers having HTAL, HTAL/BPL, and 
HTAL/BPL/ETAL (5µm × 5µm scans). 
Layer Structure  RMS (nm) PTV (nm) 
HTAL 5.0 42.7 
HTAL/BPL 7.2 68.5 
HTAL/BPL/ETAL 11.6 115.0 
 
5.6 Summary 
In summary, improvement of vertical phase separation in hybrid solar cells using 
CdSe tetrapods:P3HT blends is systematically manipulated by solution processed 
multilayer structure. The interfacial layers assist the charge carrier transport and increase 
the surface contact area. The power conversion efficiency of device sandwiched between 
two interfacial layers enhances 0.84% comparing to 0.35% of simple bulk heterojunction 
device. The PCE of device (III) based on HBE structure is enhanced significantly more 
than doubled that of simple hybrid device (I) containing single BPL by applying 
interfacial layers with proper processing condition to aid vertical phase separation of 
photoactive layer.  
Different vaporization rates of main solvent in mixtures and post-heat treatment 
of films have important roles for the formation of VPS. Upper layers are facilitated using 
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low bp solvent for fast solvent evaporation during spin-coating process in HBE structured 
hybrid solar cells to maintain bottom layers. The bottom HTAL of P3HT also increases 
the light absorption intensity and improves the hole transport with exciton blocking to 
anode, accounting for better FF. The top ETAL ensures the enhancement of electron 
transport and reduction of contact resistance by forming beneficial interface morphology 
supported by the TEM and the AFM images. Covering the exposed top surface of P3HT 
in BPL and further expanding interfaces between donor P3HT and acceptor CdSe TPs are 
employed in order to improve the charge collection efficiency. Thus, multilayer 
structured hybrid solar cells using low cost solution process establish the improvement of 
the PCE by inserting interfacial layers of hole transport assisting P3HT and electron 
transport aiding pristine CdSe TPs. 
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Chapter 6 
ENHANCEMENT OF CHARGE TRANSPORT IN HYBIRD SOLAR CELLS 
 
6.1 Towards the Improvement of Charge Transport in Hybrid Solar Cells  
In this study, experimental methods for the improvement of charge carrier 
transport of hybrid solar cells based on CdSe nanoparticles (NPs) were investigated with 
several different processes and materials for device fabrication. The arm size of CdSe 
tetrapods (TPs) was investigated that charge carrier transport through longer armed CdSe 
TPs was improved, providing higher power conversion efficiency (PCE) by reducing 
inefficient hopping process.[47] Much longer arm lengths ( ~ 80 nm) of CdSe TPs were 
evaluated to explore the effect of elongated CdSe TPs on electron charge transport as 
illustrated in Fig. 6.1 (a). Preventing charge hopping transport in mixed active layer 
might assist increasing the mobility of electrons, leading to the efficient charge 
extraction. However, the reduced surface area between CdSe TPs and poly(3-
hexylthiophene) (P3HT) photoactive blends could diminish the exciton generation. In 
addition, the solution process was limited due to elongated arm length of CdSe TPs. In 
this work, it was difficult to form uniform and thick enough photoactive layer of hybrid 
solar cells using much longer arms than 50 nm due to a clogging issue. Therefore, 
optimizing the width and length of CdSe TPs would improve the device performances.  
To further increase the charge transport efficiency in hybrid solar cells, the 
polymer properties of hole transport assisting layer (HTAL) in HTAL/bulk heterojunction 
photoactive layer (BPL)/electron transport assisting layer (ETAL), that is, HBE structure 
is demonstrated by adapting various solvents in hybrid NPs:polymer mixtures. The hole 
transport through HTAL of P3HT can be controlled by using the proper selection of 
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solvent for the polymer formation, resulting in the charge transport-favored 
nanostructures as depicted in Fig. 6.1 (b).  
 
  
Figure 6.1 Illustrations depicting the effects on (a) elongated CdSe TPs, (b) solvent for 
polymer characteristics, (c) various shapes of CdSe NPs, and (d) mixtures of 
CdSe TPs and QDs 
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It has been reported that complex structures of semiconductor NPs increase the 
charge transport by networking in photoactive blends.[53,54] The various shapes of CdSe 
NPs are established by comparing the device performances using quantum dots (QDs), 
hollow nanoparticles (HNPs), and TPs ad described in Fig. 6.1 (c).  
In addition, the mixtures of CdSe TPs:CdSe QDs:P3HT for high efficient hybrid 
solar cells are demonstrated employing the blending different CdSe NPs in the 
photoactive layer as shown in Fig. 6.1 (d). To control the percolated and well-separated 
morphology of the photoactive layer in hybrid solar cells, it is necessary to investigate the 
effect of mixed CdSe NPs in BHJ hybrids with conjugated polymer to improve the 
packing density and inter-connected morphology. 
 
6.2 Influence of Solvent on Hole Transport Assisting Layer 
Using HBE-structured photovoltaic device as explained in previous chapter, the 
HTAL consisting of P3HT were improved with better polymer morphology. Favorable 
morphology of P3HT in the HBE structure was demonstrated by controlling the solvent 
conditions. The HTAL using P3HT donor materials improved the hole transport 
properties in hybrid solar cells based on CdSe TPs:P3HT active layer. It was further 
demonstrated that HTAL were further improved employing high b.p. solvent in P3HT 
solution, resulting in beneficial nano-morphology and interfaces. Device structure was 
used same HBE as established in previous chapter. The solvent of HTAL solution was 
compared using chloroform (CF; b.p. 61.2 oC), chlorobenzene (CB; b.p. 131 oC), 1,2-
dichlorobenzene (DCB; b.p. 180.5 oC), and 1,2,4-trichlorobenzene (TCB; b.p. 214.4 oC) 
Current density-voltage (J-V) characteristics of hybrid solar cells having different 
HTALs from various solvents use are shown in Fig. 6.2. Composition ratio of photoactive 
mixture consisted of 70 wt% CdSe TPs and 30 wt% P3HT in order to show the 
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comprehensible changes in device behaviors. The use of HBE structure showed better 
diode behavior under AM 1.5G illumination and improved the fill factor (FF) as 
evidenced in Fig. 6. 2. Device parameters of hybrid solar cells employing the solvent 
effect of HTAL are compared to only BPL structured device as summarized in Table 7. 
The FFs of devices having HBE structure are increased drastically, which offers the 
improved interface properties. This tendency is also influenced on open circuit voltage 
(Voc) of hybrid devices, indicating the formation of large size domains of P3HT, that is, 
enhanced crystallinity of P3HT in HTAL.  
 
 
Figure 6.2 J-V characteristics of hybrid solar cells having P3HT (HTAL)/CdSe TPs (70 
wt%):P3HT (30 wt%) (BPL)/CdSe TPs (ETAL) layers with HTAL at 5mg/ml 
concentration dissolved in different solvents. 
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Table 7. Device parameters of hybrid solar cells having different structures of BPL and 
HTAL/BPL/ETAL having different solvents of P3HT HTAL (70 wt% CdSe TPs: 30 wt% 
P3HT photoactive layer). 
Device 
Structure 
PCE  
(%) 
Jsc  
(mA/cm2) 
Voc  
(V) 
FF  
FF (%) 
Rs  
(Ωcm2) 
BPL 0.19 1.20 0.42 38 18.4 
P3HT(CF) 
/BPL/TPs 0.10 0.39 0.61 43 526.5 
P3HT(CB) 
/BPL/TPs 0.20 0.70 0.61 47 73.7 
P3HT(DCB) 
/BPL/TPs 0.20 0.68 0.64 47 56.0 
P3HT(TCB) 
/BPL/TPs 0.24 0.80 0.63 48 40.8 
 
The solvent effect on device performance of hybrid solar cells having HTAL is 
further supported by means of comparing the b.p. of solvents. The concentration of P3HT 
for each condition is fixed as 5 mg/ml. As boiling point of solvent increases, Voc and FF 
are increased. On the contrary, the series resistance (Rs) is reduced. Overall, the HTAL 
fabricated using TCB solvent shows the improvement of device performances, as shown 
in J-V curves of Fig. 6.2.  
The improvement of hybrid solar cells having HTAL from high b.p. solvent is 
further investigated from the results of external quantum efficiencies (EQEs). Although 
HTAL using CF shows higher absorption intensity for the comparison of blended single 
layer, the EQE of hybrid solar cells having HTAL fabricated from CF solvent results in 
the least values in overall spectral range. Higher absorption intensity of HTAL from low 
b.p. solvent use probably increases the absorbed photon into photoactive layer; however, 
the charge transport efficiency can be restricted, reducing the EQE comparing to HTAL 
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fabricated from higher b.p. solvent than that of CF as shown in Fig. 6.3. High b.p. of 
solvent would affect the formation of the nano-scale morphologies in polymer regions by 
improving the phase separation in blended hetero-materials or increasing the time for re-
organization for enough crystallization.  
 
 
Figure 6.3 External quantum efficiencies of hybrid solar cells having P3HT 
(HTAL)/CdSe TPs (70 wt%):P3HT (30 wt%) (BPL)/CdSe TPs (ETAL) layers with 
5mg/ml HTAL dissolved in different solvents.  
 
Improved crystallinity of P3HT as HTAL is supported by the absorption spectra 
measured by UV-Vis spectrometer. It has reported that layers having better crystallinity 
of P3HT showed red-shifts in absorption spectrum.[77-79] It is supported from the 
normalized absorption spectra as depicted in Fig. 6.4. Maximum peak positions and the 
absorption tails of the P3HT layers employing different b.p. solvents clearly establish the 
red-shift, implying the enhanced crystallinity.  
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Figure 6.4 Normalized absorption spectra of P3HT layers with 5mg/ml HTAL dissolved 
in different solvents. 
 
Surface scans of atomic force microscopy aid the understanding same features as 
the normalized absorption spectra. The surfaces of P3HT HTALs from the dispersions in 
CF and CB exhibit smooth and indistinguishable surface features as shown in Figs. 6.5 
(a) and (b). Contrary to the surface scans of HTALs in CF and CB, DCB and TCB 
contribute to form slightly rougher surfaces and large molecular domains with 
crystallized fibrillar structures as shown in Figs. 6.5 (c) and (d).  
High b.p. solvents provide enough time to create the ordered phases of polymer 
molecules, when same solvent annealing process is used with same composition 
concentration under nitrogen ambient. Therefore, the hole transport through the HTAL is 
improved in hybrid solar cells using multilayer structures by the utilization of the 
interfacial layer optimizing the solvent in the mixed dispersion, leading higher 
crystallinity supported by the normalized absorption spectra and AFM surface scans.  
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Figure 6.5 AFM height, amplitude, and phase images of P3HT layers with 5mg/ml HTAL 
dissolved in different solvents: (a) CF, (b) CB, (c) DCB, and (d) TCB. 
 
6.3 Effect of Nanoparticle Shape on Device Performance 
Hole transport of hybrid solar cells has improved by employing better interfacial 
layers and investigating the crystallized polymer morphology. With regard to the electron 
transport, various shapes of semiconductor NPs are investigated in this section. Spherical 
QDs and HNPs are compared along with TPs. The dimension for CdSe QDs having 
pyridine ligand is 3.2 ± 0.4 nm for diameter. Pyridine liganded CdSe HNPs are 
comprised of 15.6 ± 1.9 nm for outer diameter, and 5.4 ± 0.5 nm for shell thickness. The 
formation of CdSe HNPs is processed from the nano-scale droplets of Cd salt, reacting 
with Se precursor at the surface of droplets. The size uniformity of CdSe shells is 
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controlled by adding cetyltrimethylammonium bromide (CTAB) as same as CdSe TP 
synthesis.  
Device fabrication was followed standard reference condition that mentioned in 
previous chapters. Glass substrates were patterned with 150 nm thick square anodes of 
indium tin oxide (ITO). Substrates were then cleaned by consecutive ultra-sonication 
process of acetone, methanol, and isopropanol. Ultraviolet ozone (UVO) treatment was 
followed for 5 minutes to remove the organic residues on the substrate surfaces. Hole 
transport layer of 40nm thick poly (3,4-ethylenedioxythiophene):poly(styrenesulfonate) 
(PEDOT:PSS) and 60nm thick photoactive layers were spin-coated and annealed at 150 
oC during 30 minutes on hot plate, respectively. Photoactive layers were comprised of 
various CdSe NPs (90 wt%):P3HT (10 wt%) for comparison. Blended solutions for 
photoactive layer were dissolved in the mixed chloroform:pyridine (9:1) solvents at 16 
mg/ml concentration. After heating the samples under nitrogen atmosphere, lithium 
fluoride (LiF, 0.5 nm)/aluminum (Al, 80nm) cathodes were evaporated at a base pressure 
of 1×10-7 Torr onto 20 mm2 device areas. Photovoltaic devices were then evaluated by 
current density versus applied voltage (J-V) characteristics and quantum efficiency 
measurement. Simulated AM 1.5G spectrum was illuminated by a solar simulator for one 
sun condition (100 mW/cm2) and J-V curves were acquired with a source measure unit 
(SMU) under nitrogen atmosphere. The light intensity was calibrated with certified Si 
photodiode. External (EQE) and internal quantum efficiencies (IQE) were measured in 
the air for the excitation wavelength range from 350 to 700 nm by 10 nm intervals. 
The J-V curves of hybrid solar cells consisting of CdSe TPs:P3HT, CdSe 
QDs:P3HT, and CdSe HNPs:P3HT photoactive blends with 90 wt% for CdSe NPs and 10 
wt% P3HT are shown in Fig. 6.6. Device performance of CdSe HNPs:P3HT device 
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shows leaky J-V behavior under illumination, denoting undesirable contacts between 
adjacent layers. Device parameters are summarized in Table 8.  
 
 
Figure 6.6 J-V characteristics of hybrid solar cells consisting of CdSe TPs:P3HT, CdSe 
QDs:P3HT, and CdSe HNPs:P3HT photoactive layers under AM 1.5G illumination (100 
mW/cm2). 
 
Table 8. Device parameters for hybrid solar cells consisting of CdSe TPs:P3HT, CdSe 
QDs:P3HT, and CdSe HNPs:P3HT photoactive layers. 
Device PCE (%) Jsc (mA/cm2) Voc (V) FF (%) Rs (Ωcm2) 
TPs:P3HT 0.37 1.33 0.70 39.8 106.1 
QDs:P3HT 0.19 0.82 0.59 39.3 38.1 
HNPs:P3HT 0.073 1.32 0.17 32.0 9.6 
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Surface scans of AFM show the characteristic morphologies of photoactive 
blends for each nanoparticle in Fig. 6.7. Surfaces of CdSe QDs and CdSe HNPs in P3HT 
matrix show rough and agglomerated surface features, leading to low Voc and poor 
device performances when comparing to those of CdSe TPs:P3HT active layer. The 
agglomerated surfaces might also affect the interfacial contacts at the cathode, reducing 
the series resistance of hybrid devices.  
 
 
Figure 6.7 AFM 3D height, amplitude (5µm × 5µm scans), height, and amplitude (1µm × 
1µm scans) images of various mixed layers: (a) long TPs, (b) short TPs, (c) QDs, and (d) 
hollow NPs in P3HT matrix. 
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 Hybrid solar cells having CdSe HNPs:P3HT blends increased Jsc larger than 
that of CdSe QDs:P3HT device. This result indicated that large CdSe HNPs having shells 
were provided more efficient pathways for the charge carrier transport through the shell 
structures than smaller CdSe QDs due to large surface area to volume ratio and diameter 
as current pathways. The Voc of hybrid solar cells based on CdSe HNPs:P3HT was 
limited approximately 0.2V and the EQE for this device reached merely 4.3% at 
wavelength 460nm as shown in Fig. 6.8, in comparison to 21.1% EQE of device having 
CdSe QDs:P3HT blends at 360nm. Overall EQEs of CdSe HNPs:P3HT devices were also 
lower than those of CdSe QDs:P3HT, denoting that the charge dissociation at interfaces 
and the charge collection at electrodes would require more improvement for better 
efficiency of HNPs-based devices. The AFM results in Fig. 6.7 (d) assisted to understand 
the characteristics of CdSe HNPs:P3HT hybrid devices due to very rough and aggregated 
phases in mixtures. 
 
 
Figure 6.8 External quantum efficiencies (EQEs) of devices consisting of CdSe QDs (90 
wt%):P3HT (10 wt%) and CdSe HNPs (90 wt%):P3HT (10 wt%). 
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The hybrid solar cells comprised of low wt% of CdSe HNPs were compared. 
Lower quantitative wt% of CdSe HNPs having void cores might result in the overloaded 
portion of HNPs than condensed QDs for same wt% devices when shell of HNPs created. 
Devices consisted of 80 wt% CdSe HNPs and 20 wt% P3HT improved the PCE up to 
0.10 ± 0.02% comparing to device having 90 wt% HNP and 10 wt% P3HT. This result 
supported that smaller loading of HNPs were required for optimum blending ratio, 
comparing to the conventional spherical QDs loading that have shown the optimum 
concentration at 90 wt% of various nanoparticles. [40,41] Hybrid solar cells having less 
concentration of CdSe HNPs might assist to generate better interface formation between 
CdSe HNPs and P3HT, as evidenced by slightly increased FF and Voc. Due to the large 
surface states on HNPs, a slight change in energy level alignment of HNPs might be the 
reason for lower Voc of HNPs:P3HT device than that of QDs:P3HT device. Nevertheless, 
photovoltaic device consisted of HNPs suggested the possibility of critical improvement 
in charge transport as an acceptor of organic-inorganic hybrid device. 
 
6.4 Effect of Blending Nanoparticles in Hybrid Solar Cells 
The optimum mixed ratio of blends can be determined to improve the efficient of 
hybrid solar cells. To control the morphology and the charge transport in blended 
structures, it is necessary to investigate the effect of mixed semiconductor NPs consisting 
of different sizes or shapes in BHJ photoactive layer with conjugated polymer in order to 
improve the packing density and the inter-connected morphology as shown in Figure 6.1 
(d). The device fabrications are followed as same procedures as the standard reference 
device and difference is the mixed composition ratio of semiconductor NPs. The 
photoactive layers consist of various compositions between CdSe TPs, CdSe QDs, and 
P3HT. 
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The J-V curves of hybrid solar cells having different composition ratios between 
active materials are compared as shown in Fig. 6.9. The TP-dominant devices consisting 
of 70 wt% and 90 wt% CdSe TPs show better device performances than QD-dominant 
devices having higher wt% of CdSe QDs than 50 wt%. This is because the inefficient 
charge hopping through QDs is more related than the charge transport through 3D-
networked TPs.  
 
 
Figure 6.9 J-V characteristics of hybrid solar cells having different composition wt% 
ratios between CdSe TPs, CdSe QDs, and P3HT. 
 
Formation of 3D networks using TPs assists to provide higher photo-generated 
currents in hybrid solar cells. Furthermore, small addition of QDs improves the packing 
density in blended photoactive layer. Therefore, certain blending ratio of CdSe TPs and 
small addition of CdSe QDs enhance the photovoltaic device performance employing 
mixtures of semiconductor NPs and the conjugated polymer. The device performances 
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having different composition ratios of CdSe TPs:CdSe QDs:P3HT are summarized in 
Table 9. Device consisting of CdSe TPs (70 wt%):CdSe QDs (20 wt%):P3HT (10 wt%) 
shows the higher PCE 1.2 times than device consisting of CdSe TPs (90 wt%): P3HT (10 
wt%)  and more than doubled PCE of QD-dominant devices with increased Jsc and the 
FF. 
 
Table 9. Device parameters of hybrid solar cells having different composition wt% ratios 
between CdSe TPs, CdSe QDs, and P3HT. 
Device Structure PCE  (%) 
Jsc  
(mA/cm2) 
Voc  
(V) 
FF  
(%) 
Rs  
(Ωcm2) 
TPs(90) 
:P3HT(10) 0.37 1.33 0.70 39.8 106.1 
TPs(70):QDs(20): 
P3HT(10) 0.45 1.60 0.65 42.9 25.0 
TPs(45):QDs(45): 
P3HT(10) 0.20 0.90 0.61 36.7 48.4 
TPs(20):QDs(70): 
P3HT(10) 0.21 0.90 0.61 39.2 64.6 
QDs(90): 
P3HT(10) 0.19 0.82 0.59 39.2 38.1 
 
 
The external (EQEs) and internal quantum efficiencies (IQEs) are depicted in 
Figs. 6.10 (a) and (b). The QD-based devices show higher intensities in P3HT absorption 
region of 450 to 600 nm. As the composition ratio of CdSe TPs increases in photoactive 
layer, the quantum efficiencies increase in wavelengths below 450 nm, establishing the 
efficient charge transport properties through CdSe TPs and percolated pathways of P3HT. 
Device characteristics are further evaluated from the results of AFM surface scans and 
TEM cross-section images of hybrid solar cells for each condition. 
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Figure 6.10 (a) External and (b) internal quantum efficiencies of hybrid solar cells having 
different composition wt% ratios between CdSe TPs, CdSe QDs, and P3HT. 
 
The QD-dominant photoactive layers increased the surface roughness with the 
agglomerated features as shown in Fig. 6.11. The bright region without lattices is 
specified for P3HT polymer in TEM cross-section images of Fig. 6.12. The TEM image 
of CdSe TPs (90 wt%):P3HT (10 wt%) shows well-developed percolation pathways 
through the active layer as shown in Fig. 6.12 (a). On the other hand, QD-dominant 
active layers of Figs. 6.12 (c) – (e) shows the aggregated and less percolated paths, 
resulting in inefficient charge transport. By the small addition of CdSe QDs in CdSe 
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TPs:P3HT blends, the active layer still shows the percolations of P3HT and further 
increases the packing density of CdSe NPs due to the filling of QDs into the space 
between TPs. Thus, the optimum mixed ratio of photoactive layer consisted of different 
shaped NPs can be determined for high efficient photovoltaic device. 
 
 
Figure 6.11 AFM scans of height, amplitude (5µm × 5µm scans), height and amplitude 
(1µm × 1µm scans) of photoactive layers having various mixed ratios: (a) CdSe TPs 
(90):P3HT (10), (b) CdSe TPs (70):CdSe QDs (20):P3HT (10), (c) CdSe TPs (45):CdSe 
QDs (45):P3HT (10), (d) CdSe TPs (20):CdSe QDs (70):P3HT (10), and (e) CdSe QDs 
(90):P3HT (10). 
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Figure 6.12 TEM cross-section images (400kX) of photoactive layers having various 
mixed ratios: (a) CdSe TPs (90):P3HT (10), (b) CdSe TPs (70):CdSe QDs (20):P3HT 
(10), (c) CdSe TPs (45):CdSe QDs (45):P3HT (10), (d) CdSe TPs (20):CdSe QDs 
(70):P3HT (10), and (e) CdSe QDs (90):P3HT (10) active layers. 
 
6.4 Summary 
In conclusion, the transport properties of charge carriers in CdSe NPs:P3HT 
hybrid layer can be improved by tuning the fabrication processes of hybrid solar cells. 
The condition for P3HT formation improves the hole transport. The proper shape 
selection of CdSe NPs with the optimized dimensions enhances the electron transport 
through the photoactive blends. Interfaces and nano-scale composites establish the better 
packing density and inter-connected percolation of hybrid solar cells. 
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Chapter 7 
CONCLUSIONS AND FUTURE WORK 
 
7.1 Conclusions 
In this work, the low cost highly efficient hybrid solar cells were studied to 
investigate the device physics by employing simple solution processes and by controlling 
process conditions based on the tetrapod-shaped CdSe nanoparticles. Charge carrier 
transport was enhanced by the use of longer arms of CdSe tetrapods. Device 
performances of hybrid solar cells were improved by controlling the morphology of 
nano-phases in bulk heterojunction type of hybrid solar cells, conducting the nature of 
CdSe tetrapods, and developing the device architectures. 
Hybrid solar cells based on CdSe tetrapods and P3HT photoactive blends were 
demonstrated by employing the solution process to develop the low cost manufacturing 
process. Device fabrication process of bulk-heterojunction hybrid solar cells was 
engineered and optimized by evaluating the key parameters such as surface ligands, 
selectivity, concentration, composition ratio, electrode/interfacial layer configuration, and 
solvent selection to establish the reference device fabrication. 
The arm dimension of CdSe tetrapods and the 3D spatial distribution of CdSe 
tetrapods:P3HT photoactive blends were obtained initially to improve optical and 
electrical properties of photovoltaic devices. Hybrid solar cells consisting of long-armed 
CdSe TPs and P3HT established higher efficiency of 1.12% when compared to device 
employing short-armed tetrapods of 0.80% by using longer armed CdSe tetrapods, which 
aided in better continuous percolated pathways and reduced the probability of inefficient 
charge hopping transport.  
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The device architecture of hybrid solar cells was developed to assist vertical 
phase separation by solution-processed interfacial layers. Improvement of vertical phase 
separation of CdSe TPs:P3HT photoactive blends was systematically manipulated, 
resulting in enhanced device performance. In this work, hole transport assisting layer 
(HTAL)/bulk-heterojunction photoactive layer (BPL)/electron transport assisting layer 
(ETAL) or HBE structure was introduced. The enhanced power conversion efficiency of 
device sandwiched between two interfacial layers was 0.84% comparing to 0.35% of 
simple bulk heterojunction device. Multi-layered hybrid solar cells resulted in better light 
absorption, efficient charge carrier transport, and increase of the interfacial contact area.  
To further improve the device performance, the charge transport of hybrid solar 
cells was investigated the effects of nano-scale morphology from solvents having 
different boiling points, the various shapes of semiconductor NPs, and the emergence of 
blending NPs. The formation of favorable 3D networks in photoactive layer contributed 
for the efficient charge transport. The proper shape selection of CdSe nanoparticles with 
the optimized dimensions enhanced the electron transport through the photoactive blends. 
Interfaces and nano-scale composites also established the better packing density and 
inter-connected percolation of hybrid solar cells. 
 
7.2 Future Work 
Based on the enhancement of hybrid solar cells consisting of semiconductor 
nanoparticles, in this work, the device performance can be more improved by the 
optimization of the device process and introducing the promising materials. Optimizing 
the device process would establish the more efficient device fabrication by employing the 
solution process. Combining the low band gap polymer would expand the absorption 
ranges, resulting in the increased photocurrents. The surface treatment of semiconducting 
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nanoparticles could be more investigated to reduce the surface defects or traps by using 
metallic materials-based ligands use. 
Device performance will further improved when applying slow drying or aging 
effect on nano-scale morphology. The feasibility test gives the possibility for further 
enhancement in the photo-generated currents, by removing the residual minor solvents in 
blends and forming lager interfacial layers between donor and acceptor semiconductors. 
Photocurrent has also increased in the nitrogen atmosphere, showing better diode 
behavior and being more effective the formation of percolation pathways. 
The enhancement of device performance has shown when the tetrapod-shaped 
CdSe nanoparticles are combined with the conjugated polymer and manipulated the 
vertical phase separation with charge transport assisting interfacial layers. In order to 
develop the hybrid solar cells based on CdSe tetrapods, new device structures can be 
investigated such as Schottky type solar cells or using the optical spacer. For the long-
term stability and further enhancement on device performance, several different funtions 
of semiconductor nanoparticles can be developed in the future.  
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